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ABSTRACT 
The contamination of food processing equipment by pathogenic bacteria is a serious threat to 
food safety and public health. Much attention has recently been focussed on Iisteriae because 
of their ability to both grow over a wide temperature range and to adhere to a wide range of 
materials. However, whilst many previous studies have studied attachment under static or 
low Reynolds number (Re) flow, no published work exists on the effects of flow conditions at 
industrially relevant Re on the phenomenon of attachment. This is examined here using non-
pathogenic Listeria innocua - frequently claimed to be a surrogate for the pathogen L 
monocytogenes - in relation to stainless steel. This material was chosen because it is widely 
used in the food industry. 
Bacterial attachment on the inner surfaces (lumens) of tubes has previously been shown to 
result in an increase in the pressure drop across the tubes. This technique was investigated 
here using a piece of apparatus that was designed and fabricated to enable the pressure drop 
across four lengths of tubes to be continuously and simultaneously monitored using 
differential pressure transducers. An additional feature of this apparatus was that the flow to 
each tube could be independently set. The apparatus was successfully commissioned using an 
artificial phosphate salts-based fouling solution that was continuously recirculated and which 
resulted in a measurable increase in pressure drop after 48 hours across a single tube. 
, 
Attempts to use this apparatus to detect the formation of biofilm on the lumens of stainless 
steel tubes of one metre length by circulating chemostat-grown cells of the bacterium L 
innocua at Re in the range 9,500 to 16,500 were not successful. However, a novel technique 
was developed to enable small sections of tubes to be sampled to enable their lumens to be 
imaged. Using Scanning Electron Microscopy (SEM) it was revealed that L innocua formed 
biofilms under turbulent flow conditions at Re up to 16,500. At the lowest Re studied using 
the apparatus (9,500) biofilm was established after only 24 hours. The extent of surface 
coverage increased continuously with time, and by 7 days the tube lumen was almost 
completely covered by the biofilm. A similar process of attachment occurred at Re 11,500 but 
the cells bound to surface were initially fewer in number than at the lowest Re. Increasing the 
Re to 13,000 had the effect of further reducing the initial attachment of cells but after 7 days 
there was still appreciable colonization of the tube lumen. At the highest Re (16,500) initial 
colonization appeared to be confined to the vicinity of grooves and other surface 
i 
imperfections, but biofilm development did occur and after 7 days there were a number of 
colonized areas visible. 
The effect of conditioning stainless steel coupons with aqueous skimmed milk solutions on 
the attachment of L innocua was studied under static conditions. Inhibition of attachment 
was strongest using the most concentrated solutions but even dilutions as Iow as 1 in 104 
exhibited inhibition. CeIl attachment was correlated with surface nitrogen concentration 
obtained using XPS for short contact times. 
Additional experiments were conducted to compare the growth of L. monocytogenes and L 
innocua under batch conditions in three different culture media and over a temperature range 
of 4 to 50°C. L. innocua grew faster with the exception of T > 42°C in BID and had a longer 
lag phase only in TSB at T < 10°C and at T < 8 °C in BID. Results obtained using the least 
nutritionally complex medium gave an indication that differential nutrient requirements 
existed at high temperatures between these two species of bacteria. The specific growth rate 
(P) and duration of lag phase (A) for L. innocua and L. monocytogenes were obtained using 
different growth models (logistics, Baranyi-Roberts and Gompertz) and critically analysed. 
Comparison with published data revealed that the growth rate parameter of the Baranyi-
Roberts model was frequently misinterpreted. Contrary to previous interpretations, this 
parameter is related to the slope of the growth curve but does not represent its maximum 
value, this is in contrast to the corresponding parameter in the Gompertz and logistic models. 
It is recommended that the basis upon which the maximum growth rate ~) is defined 
should always be stated when comparing parameter estimates from different growth models. 
KEYWORDS: 
Listeria innocua, biofilm, turbulent flow, growth rate modeling, Baranyi-Roberts model, milk 
proteins coating 
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CHAPTER 1: INTRODUCTION 
Introduction 
The threat posed by L monocytogenes is partly due to its ability to grow on foods at 
refrigeration temperatures and also on its ability to attach to the surface of materials found in 
food processing facilities and to contaminate food which subsequently comes into contact 
with surfaces (biotransfer potentiaf) on which the bacterium is present (Midelet and 
Carpenter, 2002; Lunden et al., 2002). 
As food processing becomes more centralized the scale of process plants increases and the 
flow of materials in and out of such plants becomes correspondingly greater. Most of the 
studies conducted on biofilm formation are done at conditions that are increasingly remote 
from those found in modern food processing plants. This applies not only to the materials 
commonly employed in laboratory conditions, glass and transparent polymers, but also to the 
flow conditions chosen - static or at best laminar flow. Increasingly in food processing plants 
the most commonly used material for the fabrication of vessels and pipelines is stainless steel 
- two grades in particular are widely used, 304 and 316. Glass and polymers that are easily 
scratched are now rarely found in such environments. The former because it is a brittle 
material and if it breaks can lead to food contamination, and the latter because materials that 
are easily scratched can promote the attachment of micro-organisms to the surface. Flow 
conditions in large food processing are typically turbulent and are characterized by the 
Reynolds Number (Re), a dimensionless parameter defined as follows: 
Re= Dvp 
f.l 
where D = diameter, v = flow velocity, p = fluid density and Il = fluid viscosity 
There are two distinct flow-dynamic conditions which are: laminar flow (Re<2000) and 
turbulent flow (Re>4000) whilst the region 2000<Re<4000 is transitional. 
The question as to whether listeriae can form true biofilms was one that until quite recently 
was a controversial issue, with some workers claiming that listeria did not form biofilms but 
merely adsorbed to surfaces (Kalmokoff et al., 2001), however, definitive evidence was 
recently provided by Marsh et al. (2003) that L monocytogenes does form biofilms under 
static conditions on stainless steel. 
2 
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Introduction 
No evidence has to date been published indicating that Iisteriae can fonn biofilms under 
turbulent flow conditions at industrially relevant flowrates. In the work presented here 
biofilm fonnation on the lumens of stainless steel tubes is examined using a purpose-built 
apparatus at Re in the range 9,500 to 16,500 and at corresponding velocities of 0.95 to 1.65 
mls respectively. The apparatus referred to above was of too large a scale to pennit it to be 
located within the existing containment facility. for Category 2 organisms and therefore the 
experiments were conducted with Listeria innocua which. is a Category 1 organism. It has 
been claimed that L. innocua might serve as a surrogate for for L monocytogenes in studies 
outside of the laboratory (Meylheuc et al., 2002;Vaz-Velho et aI., 2001). 
The apparatus for investigating biofilm fonnation was continuously supplied with chemostat-
grown cells of L. innocua. The approach taken to monitor biofilm fonnation was based on 
measuring increases in the pressure drop across a tube and the advantage of this approach 
when applied to non-translucent materials, such as stainless steel, is that it is a non-invasive 
and offers the prospect of revealing the occurrence of time-dependent phenomena such as 
'sloughing off.' These measurements were combined with visual evidence obtained using 
SEM and a novel technique is described to enable sampling of the lumens of tubes. 
The possibility of inhibiting attachment of L innocua to stainless steel coupons by 
conditioning their surfaces with skimmed milk was also examined. 
In addition to the work described above, comparative growth rate data for L monocytogenes 
and L innocua was obtained over a range of temperatures. A number of growth rate models 
(Baranyi-Roberts, logistics and Gompertz) as well as those for predicting the effect of 
temperature on growth rate (Schoolfield et al., 1981; Ratkowsky et al., 1983) were applied to 
these data and some novel and interesting interpretations are reported. 
3 
Listeria innocua - Growth and 
Biofilm formation by Stefano Perni 
CHAPTER 2: LITERATURE SURVEY 
2.1 THE GENUS LISTERIA 
2.1.1 TAXONOMY 
Literature 
survey 
Listeriae are Gram-positive, nonsporeforming, facultatively anaerobic bacteria. They are rod 
shaped, catalase positive and oxidase negative (Farber and Peterkin, 1991). 
The first description of this microorganism was in 1924 in Cambridge (Murray et aI., 1926), 
these authors called the new microorganism Bacterium monocytogenes; the name 
"monocytogenes" comes from the characteristic monocytosis found in infected laboratory 
rabbits and guinea pigs (Farber and Peterkin, 1991). The bacterium was then renamed 
Listerella hepatolytica by Pirie in 1927 who gave it its present name in 1940 (Farber and 
Peterkin, 1991). 
It has only in the last two decades that L monocytogenes has been recognised as an agent of 
foodbome illness (Stehulak, 1998); a great increase in infection cases in U.K. after 1980 was 
described by McLauchlin (1996). 
There are seven species listed in the genus Listeria according to Seeliger and Jones, 1986 
(Bergey's manual, 9th Edition): 
- L monocytogenes 
} Pathogenic 
- L ivanovii 
- L. innocua 
} Usually harmless 
- L seeligeri 
} Rarely encountered - L. welshimeri 
- L grayi 
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The differentiation of species can be done through various properties such as haemolysis, 
arylamidase, sugar fermentation and hydrolysis of DL-a1anine /3-naphthylamide (DLABN) 
(McLauchlin, 1997; Allerberger, 2003). 
Only two species are recognised as pathogenic: L. monocytogenes in humans and animals and 
L. ivanovii primarily in animals, mainly responsible for abortion in sheep (Allerberger, 2003). 
Some rare cases of infection due to L. ivanovii have been reported (McLauchlin, 1996). The 
disease contract following ingestion of listeria is called listeriosis and it is described in 
greater detail below. 
listeriae grow at refrigeration temperature, but compared to other bacteria that do not form 
spores, have good heat resistance, better than many other common food-borne 
microorganisms such as Salmonella and Escherichia coli. Freezing seems to have little effect 
on the bacteria (Stehulak, 1998). 
2.1.2 LISTERIOSIS 
Listeriosis is clinically defined when the organism is isolated from a normally sterile site of 
the body such as the blood, brain, cerebrospinal fluid, placenta and foetus (Stehulak, 1998). 
The 1987 incidence data collected by Centers for Disease Control (CDC, 2000) suggests that 
there were at least 1600 cases of listeriosis with 415 deaths per year in USA; which is in 
agreement with the data published by Farber and Peterkin, 1991 which estimates annual 
incidences at between 2-14 cases per million of population. 
Recent outbreaks by country are reported in Table 2-1. 
The typical ways of transmission of listeriosis are (New York Department of Health, 2000) 
by ingestion of contaminated food e.g.: cheese, raw vegetables, meat, fish, milk and ice-
cream; from mother to foetus and, rarely through sexual contact. 
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As listeriosis can affect many different organs of the body the symptoms vary accordingly 
(New York Department of Health, 2000). The effects of listeriosis include meningo-
encephalitis, encephalitis, septicaemia and intrauterine or cervical infection. 
The onset of listeriosis is usually preceded by influenza-like symptoms including fever, 
nausea, intense headache, diarrhoea and vomiting. Listeriosis has an extremely variable 
'-
incubation period. In large outbreaks the range has extended from 3 to 70 days, but usually 
occurs within a month (New York Department of Health, 2000). 
Number of 
Country Year 
Cases Deaths 
USA 1976 20 5 
New Zealand 1980 20 5 
Canada 1981 41 18 
USA 1983 49 14 
USA 1985 142 48 
Switzerland 1983-7 122 34 
U.K. 1987-9 >350 
Denmark 1989-0 26 6 
Australia 1990 9 6 
Australia 1991 4 
New Zealand 1992 4 2 
France 1992 279 85 
France 1993 33 
Italy 1993 18 
USA 1994 45 
Sweden 1994-5 8 2 
France 1995 33 4 
Australia 1996 4 1 
Italy 1997 748 
U.S.A. 1998-9 100 >10 
Finland 1998-9 18 4 
Table 2-1 Some recent outbreaks of Listeriosis (European Commission, 1999) 
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The infective dose of L. monocytogenes is unknown but is believed to vary with the strain 
and susceptibility of the victim, but it is safe to assume that 1000 organisms can cause the 
disease (U.S. Food & Drug Administration, 1992). 
Past infection appears to produce some protective immunity (New York Department of 
Health, 2000). 
The overall mortality (U.S. Food & Drug Administration, 1992) may be as high as: 70% for 
meningitis; 50% for septicaemia and >80% for prenatallneonatai infection (in infection 
during pregnancy the mother usually survives) 
2.1.2.2 Susceptible populations 
The highest incidence of listeriosis (U.S. Food & Drug Administration, 1992) has been in 
pregnant women (infection during pregnancy can lead to miscarriages, stillbirth or meningitis 
in the new-born), persons over 60 years, persons immuno-compromised by corticosteroids, 
anticancer drugs, graft suppression therapy, AIDS and cancer patients, particularly leukemic 
patients. 
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Between 5-10% of humans could carry L monocytogenes in their intestines (Farber and 
Peterkin, 1991). L monocytogenes has been found in at least 37 mammalian species, both 
domestic and feral, in at least 17 species of birds and also in some species of fish and 
shellfish (U.S. Food & Drug Administration, 1992). 
L monocytogenes has been recovered from different kinds of food including meat and 
poultry (Ryser et al., 1996), fish (Norton et at., 2001), milk (Meyer-Broseta et al., 2002), 
butter (Maijala et al., 2001), cheese (Rudolf and Scherer, 2001), ice-cream (Warke et al., 
2000) and vegetables (Beuchat, 1996). 
Also estuarine water and seawater have been found contaminated by L monocytogenes 
(Monfort et al., 2000). In the following figure possible ways of spreading contamination in 
the environment are shown. 
Faeces---- insects 
(
! ~ \ harvesting, handling, 
serage \ pr/ssing envir~ents 
ANIMALS HUMANS 
soil 
! 
plants - silage, feed - meat, milk, eggs 
Figure 2-1 Possible pathways of listeria I contamination (Beuchat, 1996) 
L ivanovii was recovered from samples taken in a sawmill (Cox et aI., 1989); L seeligeri 
was found in samples from a potato process unit (Cox et al., 1989). 
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2.1.4 L. INNOCUA AND L. MONOCYTOGENES 
L. innocua and L. monocytogenes are frequently found together in many kinds of food 
including meat (Samelis and Metaxopoulos, 1999, Antoniollo et al., 2003), fish (Gonzales-
Rodriguez et al., 2002) and cheese (Rudolf and Scherer, 2001). The number of L. innocua in 
these samples exceeded that of L. monocytogenes. 
The higher recurrence of L. innocua over L. monocytogenes can be due to production of an 
inhibitory substance (bacteriocin-like-substance) by L. innocua against L. monocytogenes as 
suggested by Yokoyama et al. (1998). A later study by Duffy et al. (2000) claims that the 
prevalence of L. innocua in meat samples is not due to overgrowth or inhibition of this 
species over L. monocytogenes, hence the higher content of L. innocua in meat samples can 
possibly be due to such factors as pH and the inhibitory effects of the natural microflora of 
the meat itself; also the presence of L. innocua does not affect the recovery of L. 
monocytogenes hi meat samples when enrichment broths are used (Duffy et al., 2001). 
Petran and Swanson (1993) showed that both species grew at comparable rates in certain 
laboratory media and foods, but that in other media L. innocua outgrew L. monocytogenes. 
More recent work (Cornu et al., 2002) has provided evidence that L. innocua is able to 
outgrow L. monocytogenes in enrichment broths designed for the isolation of the latter. 
The susceptibility against antibiotics and heavy metals appear similar among L. innocua and 
L monocytogenes strains as proved by Margolles et al. (2001). In contrast Walsh et al. 
(2001) gave evidence of the presence of resistance against antibiotics in many Listeria 
species but L. monocytogenes. 
Other comparisons have been done on the tolerance of the two species against ionizing 
radiation (Niemira et al., 2003) or water activity (Nolan et al., 1992) and these works proved 
that the two species behavior was similar. 
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The most important environmental factors affecting the growth of the microorganism are: 
2.1.5.1 Temperature 
The optimum temperature for growth is around 37 'c (Duh and Schaffner, 1993; Le Marc et 
al., 2002). However, the upper temperature limit has been quoted as 46 'c (Duh and 
Schaffner, 1993). The precise value of the lower limit of growth is more controversial; in 
their review on L. monocytogenes, Farber and Peterkin (1991), cite - 0.4 °C as the minimum 
growth temperature. Iunttila et al. (1988) monitored the growth of a number of listeria! 
species including L. monocytogenes and L. innocua for 10 days at temperatures down to -1.6 
°C and claimed that the lower temperature limit was between -1.1 and -lA °C for L. 
monocytogenes and -1.6 °C for L. innocua. However, the evidence of the work of Walker and 
Stringer (1987) is that growth should be monitored over longer periods. Although they did 
not cite values for T min, they obtained a lag phase of. 20 days at -004 cC. The lowest 
temperature at which L. monocytogenes was cultivated appears to be _2°C as claimed in a 
study by Bajard et al. (1996). 
2.1.5.2 pH 
Listeria can grow well at pHs between 4.3 and 904, the optimum is 7.0 -7.5 (te Giffel and 
Zwietering, 1999; Le Marc et al., 2002) . 
2.1.5.3 NaCI 
Listeria are halotolerant, they are able to survive in solutions of 10 % (w/v) NaCl which 
. correspond to aw = 0.93 (Tienungoon et al., 2000), some strains can tolerate concentrations 
up to 20 % (w/v), which is equivalent to aw = 0.83 (Seeliger and Jones, 1986). The optimal 
concentration of NaCl for the growth of Listeria is 2 % (w/v) (Adams, 1993). 
2.1.5.4 Competing microorganisms 
Lactobacillus tends to inhibit listeria growth whilst Pseudomonas has no effect (Adams, 
1993). 
The growth range for each environmental parameter is not absolute, but it is affected by all 
the other (Tienungoon et al., 2000); for example the pH growth range depends on the 
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temperature and aw" in the same way, pH and the other environment parameters determine 
the temperature or aw growth range. 
Many multi-parameters correlations to predict either the growth rate or growth range have 
been proposed (Lebert et al., 2000; Le Marc et aI., 2002). 
Genome sequencing of L. innocua and L. monocytogenes (Buchrieser et al., 2003) has proved 
that L. innocua lacks 30 of the 133 surface proteins present in L. monocytogenes; also 20 of 
these 30 are LPXTG proteins. LPXTG is an amino-acids sequence involved in the anchoring 
of cells proteins to cells walls (Dhar et al., 2000). In Gram positive bacteria proteins are 
linked to peptydoglican through a eOOH terminal sorting signal with a conservative LPXTG 
motif. 
Also L. innocua carried a plasmid, which confers resistance against different heavy metals 
such as arsenic and cadmium which is not found in Listeria monocytogenes. 
Some of the recent interest in L. innocua lies in its potential as an indicator organism for L. 
monocytogenes (Meylheuc et al., 2002), and there would be much interest in a non-
pathogenic member of the genus that could effectively substitute for L. monocytogenes in 
studies outside of the laboratory (Vaz-Velho et aI., 2001). 
L. innocua has been proved a suitable indicator of the inactivation of L. monocytogenes in 
meat treatment by Kamat and Nair (1996); Vaz-Velho et al. (2001) concluded that a 
tetracycline-resistant strain of L. innocua (2030c) was a suitable substitute for L. 
monocytogenes in challenge studies on fish on the basis of a close similarity in the growth 
rates of the two species and common susceptibility to ozone. In contrast to this, Meylheuc et 
al. (2002) found that the physicochemical surface properties of L. innocua and L. 
monocytogenes differed markedly. They reasoned that these properties affect attachment to 
surfaces and, by extension, the likelihood of transfer of listeriae to foods coming into contact 
with contaminated surfaces. They, therefore, argued that L. innocua was an inappropriate 
indicator for L. monocytogenes. 
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A biofilm is a surface accumulation, which is not necessarily unifonn in space or time, that 
comprises cells immobilised at a substratum and frequently embedded in an organic polymer 
matrix of microbial origin (Bryers, 2000). 
Biofilms can be generated by any microbes under suitable conditions, although some 
microorganisms naturally have a higher tendency to produce biofilms than others (Bryers, 
2000). The structure of a biofilm is characterised by a network of channels or voids in the 
extracellular polysaccharide and glycoprotein matrix that allows transport of nutrients and 
oxygen from the bulk to the cells (Bryers, 2000). 
Microorganism embedded in the biofilm can multiply, but in some cases the microorganisms 
are bound to the surface in a donnant state, not multiplying but just retaining viability. In this 
situation microorganisms have the potential to become detached from the biofilm under 
certain conditions and grow when they encounter a more favourable environment (Veran, 
2002). 
2.2.2 DIFFERENCES BETWEEN BIOFILM-
ASSOCIATED AND PLANKTONIC CELLS 
The behaviour of bacteria grown inside biofilms is different from that of suspended or 
planktonic cells in tenns of growth kinetics, cellular metabolism, outer membrane properties 
and resistance to antimicrobial agents (Kharazmi et al., 1999). 
A number of studies show that resistance against biocides (sterilants and antibiotics) of cells 
embedded in biofilm is greater than the resistance shown by the same strains in suspension. 
(Norwood and Gilmour, 2000). This tolerance of cells in biofilms can range from 50 to 5000 
times higher than for planktonic cells (Nickel et al., 1985; Anderl et al., 2000). This poses 
potential difficulties in removing biofilms that can cause infection. 
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A possible explanation ~or this increase is that the biocide does not completely penetrate the 
biofilm because it reacts with components of the biofilm faster than it diffuses in. This 
hypothesis is supported by de Beer et al. (1994) who demonstrated how chlorine fails to 
penetrate a biofilm of Pseudomonas aeruginosa and Klebsiella pneumonie. 
However, a theoretical study by Stewart (1996) about diffusion inside biofilms has shown 
that a reduction of the coefficient of diffusion of a biocide (e.g. antibiotics) due to the matrix 
does not explain the higher resistance of the cells in the biofilm. According to this work 
another mechanism, such as irreversible sorption or reaction of the antibiotic, can account for 
the necessity of using higher concentrations of antibiotic to eradicate the biofilm. 
Alternately, physiological differences between suspended cells and biofilms, particularly for 
cells in the deeper area of the biofilm, where the environmental conditions are quite different 
from those in the bulk, might explain the observed differences in susceptibility to 
disinfection. Wentland et al., 1996 proved that Klebsiella pneumonie cells in the interior part 
of the biofilm experience a lower nutrient concentration and this determined a slower growth 
rate or starvation. 
Later work by Lewis (2001) has also proposed that cells inside a biofilm can express one or 
more biofilm-specific resistance genes. Proteomic studies on L. monocytogenes (Tremoulet et 
al., 2002 b) and E. coli (Tremoulet et al., 2002b) demonstrated that the two microorganisms 
express several proteins differently when grown in suspension and biofilms. 
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A number of different structures have been implicated in the attachment of microorganism to 
surfaces (Frank, 2001). These include: flagella, fimbrae (pili), membrane proteins and 
exopolymers. 
Membrane proteins FtageUa 
Exopolymers ~Fimbrae 
Figure 2-2 Bacterial structures involved in attachment processes 
Both flagella and pili are protein chains emerging from the cell membrane. FJagella are 
primarily utilized by microorganisms to move, but they are also involved in biofilm 
formation as explained in the next section. Pili are involved in adhesion and DNA exchange. 
Membrane proteins are linked to peptidoglycan wall in amino-acids crosslinks. Extracellular 
poly-saccharide (EPS) can be bound to the cell wall or released outside. These consist 
essentially of polysaccharides, but their composition depends on the microorganism 
(Madigan et al., 2000). This layer is flexible and slimy. 
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2.2.4 BIOFILM FORMATION AND PERSISTENCE 
The process of fonnation of a biofilm is dependent on two different m~chanisms: 
(i) Deposition of microorganisms from suspension in a fluid on to a surface 
(ii) Growth and reproduction of microorganisms already established on the 
surface 
Figure 2-3 shows the stages occurring during the fonnation of a biofilm in an aqueous 
environment (Gottenbos et al., 1999): 
Conditioning 
Transport 
Initial adhesion 
- Attachment 
Growth 
- Detachment 
2.2.4.1 Conditioning 
Components (mainly proteins) are adsorbed onto the surface before the arrival of 
microorganisms (Gottenbos et al., 1999). 
2.2.4.2 Transport and Initial adhesion (reversible) 
The initial attachment of a microorganism on a surface is thought to be due to a number of 
different factors (Zhao et al., 2002; Oliveria, 1997). These include: Lifshitz - Van der Waals 
forces, electrostatic double layer component, Lewis acid-base component (electron donor-
electron acceptor interactions), Brownian motion, ion bridging and steric interactions. 
The first two types of forces are described in the DLVO theory (named after DeIjaguin, 
Landau, Verwey and Overbeek), but this theory does not consider the other factors which 
play a major role in the biofilm forming process. 
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Figure 2-3 Schematic steps in the formation a/a biofilm (Gottenbos et al. 1999) . 
(a) conditioning; (b) transporting; (c) initial adhesion; (d) attachment; (e) growth; (f) 
detachment 
The surface of stainless steel is cover by a layer of oxy-hydroxide, known as "passive film", 
which can confer an electrostatic charge at the interface passive film -electrolite. At neutra1-
alkaline pHs stainless steel is generally negatively charged as the isoelectric point is in the 
range 2-4, depending on the contacting liquid, surface finishing and cleaning treatments 
(Boulange-Petermann et al., 1995). As a rule the surface of microorganisms is negatively 
charged at these pH values and in low concentration solutions. The repulsive force due to 
similar charges can be negligible in solutions at high electrolyte concentration (above 10-1 
mollI) because of the· double layer and ion bridging; as bivalent cations can act as bridge 
between to surface negatively charged, for this Ca2+ and Mg2+ are the most effective binders_ 
This leads to cell attachment against electrostatic repulsion (Boulange-Petermann, 1996). 
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Flagella and pili are structures (also Jipopolysaccharides for Gram negative bacteria) that can 
be involved in the adhesion phase together with membrane proteins. 
2.2.4.3 Attachment (irreversible), Development and Maturation 
Once the cell is attached on the surface, flagella and pili can let it spread and form 
microcolonies, and go on to colonies and then to 3 dimensional biofilms. 
Not all the structures (pili, flagella, etc) are used by microorganisms in all stages of biofilm 
formation. For example, flagella can be used to approach and to attach to the surface but not 
to spread as shown by Davey and O'Toole (2000) for P. aeruginosa. On the other hand E. 
coli uses flagella both to approach and to spread, while the surface-organism interaction is 
due to pili and membrane proteins (Davey and O'Toole, 2000). 
The role of EPS is also different among different microorganisms, for example, it is essential 
for the adhesion of Staphylococcus epidermis (McKenney et al., 1998) while mutants of E. 
coli defective in colanic acid production were able to bind PVC as strains able to synthesise 
EPS (Danese et al., 2000); however, the same work, proved that EPS is essential in the 
development of the 3-D structure of E. coli biofilm. 
2.2.4.4 Detachment 
Occasionally high shear rate or other detachment forces cause a random localised removal of . 
the biofilm. The cells are carried by the flow to other regions where a new colonisation can 
occur. 
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According to Van Loosdrecht et al. (1995) the balance between biofiIm surface loading and 
detachment forces (shear stresses) is the main factor determining the structure of a biofiIm. 
The action of detachment leads to a more homogeneous and smooth biofiIm structure. 
Increasing shear rate 
Figure 2-4 Effect of shear stress and loading rate (after Kwok et al., 1998) 
Van Loosdrecht et al. (1995) also state that the biomass formed on areas closer to the 
interface between biofiIm and liquid have a higher growth rate and a high polymer production 
rate, which lead to a Iow density structure (cells grow more dispersed in the newly formed 
matrix). 
Kwok et al. (1998) found that with increasing detachment forces, relative to the surface 
growth, the biofiIm density increases. They explained this fact by suggesting that high 
detachment forces remove the outer layer of the biofiIm which is made of fluffy, less dense 
new cells. This scouring action allows substrate to diffuse into the inner layer. The growth of 
cells inside the biofiIm leads to an increase in the average density. 
The same study showed that the biofiIm thickness increases with the substrate surface-
loading rate. Kwok et al. (1998) explained their results as follows: with increasing surface 
loading rate the biofiIm thickness gradually increases, almost independently of the 
detachment force. Above a critical value of loading rate (depending on the detachment force) 
the detachment does not control the outgrowth anymore and the thickness increases rapidly. 
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In turbulent flow the biofilms present a characteristic structure where individual filaments, 
called "streamers", are free to oscillate in flowing water (Lewandowski and Stoodley, 1995). 
The frequency of oscillation is directly related to the average velocity (Stoodley et al., 1998). 
The removal of parts of biofiIm caused by the flow near the surface is called "sloughing off'. 
This phenomenon causes the spreading of the microorganism leading to contaminations far 
from the original location. This can happen suddenly from a fluctuation in velocity and the 
biofiIm will grow again, or can be due to a permanent increase of the shear stress caused by 
increased velocity and, in this case, the biofilm will not re-grow under any circumstances. 
2.2.6 ATTACHMENT MATRIX 
The matrix surrounding the cells in a biofilm is made of components which include: 
exopolysaccharide (EPS), proteins, nucleic acids and other substances. Bacteria can produce 
polysaccharides, either as capsules that surround the cell or as extracellular excretions into 
the environment immediately adjacent to it (Davey and O'Toole, 2000). 
EPS synthesis is sometimes necessary for the adhesion of the cells to a surface (Danese et al., 
2000) or it can affect the growth of the biofilm. 
The kind of monomers present in the EPS determines the primary conformation of the 
polysaccharide; moreover a secondary structure appears as aggregate helices (Sutherland, 
2001). 
Generally, the study of biofilm EPS is made by extrapolating the results obtained by 
analysing the polysaccharide excreted by planktonic cells; this is due to the small amounts of 
EPS that can be derived from actual biofiIms (Sutherland, 2001). 
Some polymers are made of a chain of sugars linked with a 1,4-/3- or 1,3-/3- bond, and this 
linkage confers rigidity, in others, more flexible EPS, 1,2-/3- or 1,6-/3- are present 
(Sutherland, 2001). Some polysaccharides are neutral, but generally they are polyanionic 
because of the presence of uronic acid. Very few, such as the EPS formed by S. epidermis, 
are polycationic (Mack et al., 1996). 
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The composition of EPS depends on the microorganism, for example E. coli produces colanic 
acid (Danese et al., 2000), see Figure 2-5. Alginate is the polysaccharide commonly found in 
the matrix of Gram-negative bacteria such as P. aeruginosa, it is composed of guluronic and 
mannuronic acids (Figure 2-6). These monomers can be present as homopolymers 
(polymannuronate or polyglucoronate) or as heteropolymers. Moreover, bacterial alginate is 
normally O-acetylated on the 2 and/or 3 position of mannuronic acid (Anonymous, 
University of Cape Town - Dept. Botany, 1998). 
3or6 
/3 Gal 4 >- Pyr 
1 
4 
/3 OlcA 
3 
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-+3/3FUC1--
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Gal D·GaIaetose 
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n 
Figure 2-5 Structure of colcmic acid (Danese et al., 2000) 
eOOH 
L-a-Guluronic acid D-/3-Mannuronic acid 
Figure 2-6 Structures of the components of alginate 
No studies on the polysaccharide produced by Listeria are available at the moment, but 
Chavant et al. (2003) showed picture of L. monocytogenes biofilm where no matrix was 
noticeable; hence they suggested that Listeria synthesizes little EPS. 
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The fouling due to biofilms is called bio-fouling and it is a problem that affects many 
industries including food processing, water, paper and biomedical (Bryers, 2000). Individual 
processes and components affected by biofouling include heat exchangers, cooling towers, 
drinking water systems, medical implants (e.g. catheters, artificial valve) and membrane and 
filtration processes. 
Other examples of biofilm are in dental plaque or in pulmonary infections of cystic fibrosis 
and osteomyelitis. 
The growth of a biofilm in a pipe system affects heat transfer resistance, frictional resistance 
and mass transport resistance (Lewandowski and Stoodley, 1995). 
Figure 2-7 Schematic picture of a pipe covered by a biofilm 
The presence of this additional layer (Figure 2-7) reduces the thermal efficiency and causes 
an increase in pumping costs, maintenance (including cleaning of equipment). Moreover, 
there is a loss of production due to enforced reductions in throughput or cleaning operations. 
Furthermore, the necessary cleaning operations can cause other problems due to the 
requirement to dispose of the effluents safely (Bott and Grant, 2001). 
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In addition, the film can initiate corrosion of metal surfaces by the establishment of 
"corrosion cells" at the interface between the film and metal (Bott and Miller, 1983). 
2.2.8 USEFUL BIOFILMS 
Not all the biofilms are dangerous or undesired, for example the biofilms present in human 
and animal gastrointestinal tracts (Lactobacillus biofilm) give protection from diseases 
(www.smm.org/generaUnfolbhoplbiofilms.html; Gottenbos et al. 1999). 
Waster water treatment processes make use of biofilms. For example, in biofilters, bacteria 
grow on an inert matrix material immersed in the water to be treated. These so-called 
"attached growth" processes perform the same function as the activated sludge process in 
which the cells are in suspension (Cohen, 2001). The bacteria attach to solid matrices either 
through self attachment (attached growth) or artificial immobilisation (i.e. where cells that do 
not form EPS nevertheless become embedded). 
The effluent that must be removed often adsorbs to the microbial film or is biologically 
degraded by the bacteria in the film. The greater resistance to toxic chemicals shown by cells 
in biofilms is a potential advantage in the treatment of such compounds. 
As the cells use the undesired compounds as source of energy to grow, biomass is produced 
and the excess is often physically removed or "sloughed off' into the treated liquid and 
therefore a means of separating the biomass from the treated waste water is used downstream. 
Biofilters are also utilised to treat gases, in this case the low water content of the air effluent 
must be compensated by the addition of water either prior to the reactor entry or by 
vaporising water directly onto the biofilter (Cohen, 2001). The emission of volatile organic 
compounds (VOC) is strictly regulated so the removal of these chemicals must be achieved 
before discharging to the atmosphere. The use of biofilters have been proved effective against 
ethyl-acetate and toluene (Liu et al., 2002), hydrogen sulphide (Oyarzun et al., 2003) and iso-
propyl alcohol-acetone mixtures (Chang and Lu, 2003). 
Biofilters have also been shown effective in odour control. Sheridan et al. (2003) employed 
biofilters to remove n-butyric acid from a waste air stream. 
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2.2.9 EFFECT OF BIOFOULING ON PRESSURE 
DROP 
survey 
Once the biofilm is established the pressure drop across a tube is higher than when the tube is 
clean. A typical profile is shown in the figure below (Stoodley et al., 1998). Previous work 
(Pujo and Bott, 1991; Stoodley et aI., 1998) gave evidence of a threshold value of fluid 
velocity above which the biofilm is unable to grow because of the shear stresses generated 
that prevent colonization of the surface. 
For P. jluorescens this limit is not unique but also depends on the Reynold's number (Pujo 
and Bott, 1991). They observed that at 0.9 m1s the biofilm could be established if Re was 
12,200 but not if Re was 16,800. In the later study of Stoodley et al. (1998) the velocity limit 
for a multispecies biofilm (P. jluorescens, P. aeruginosa. K. pneumoniae) was about 0.50 rnls 
(Re equal to 3300). 
I 
Biofilm V / / 
esfllblished / / . 
/ / Clean tube -
/ V 
/ /' 
/ V/ 
~ ,.... 
Velocity 
Figure 2-8 Pressure drop in a clean tube and after biofilm growth 
The pressure drop is related to fluid-dynamic parameters by the following correlation: 
~ = 4. p. f. ~ . v; (1) 
e f = g( Re. D ) (2) 
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where: 
I:!p = pressure drop 
p = liquid density 
f = frictional factor 
L = pipe length 
D = pipe diameter 
v = fluid velocity 
E = pipe roughness 
Re = Reynolds number 
Literature 
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Assuming that the biofilm does not significantly affect the diameter of the tube, hence, at 
constant flow-rate, the fluid velocity is constant. Therefore the change in the pressure drop is 
due to a change in the roughness of the pipe surface (Charackiis, 1981). 
The relation between Reynolds number, roughness and frictional factor is plotted in the 
Moody diagram. 
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Figure 2-9 Moody diagram of Fanning factor (Perry, 1997) 
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2.2.10 EFFECT OF BIOFOULING ON HEAT 
TRANSFER 
The heat flux between two fluids (Figure 2-1O) divided by layers is described as follow: 
Q =U ·fj.T·A 
where: 
Q = heat flux 
A = surface area 
,dT = temperature difference (7; - T2 ) 
U = overall heat transfer coefficient 
1 1 SI S2 1 
-=-+-+-+-
U ~ kl k2 h,. 
~ = surface heat transfer coefficient fluid 1 
SI = thickness of layer 1 
kl = thennal conductivity layer 1 
h,. = surface heat transfer coefficient fluid 2 
S2 = thickness of layer 2 
k2 = thennal conductivity layer 2 
survey 
(3) 
(4) 
Assuming fluid 1 and 2 as process fluids and material 2 as a pipe; the growth of a biofilm 
(material I) affects the heat transfer reducing U through SI (Characklis. 1981). 
Fluid 
1 
Fluid 
2 
Figure 2-10 Heatjlux through two liquids divided by a solid composed of two 
materials 
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2.2.11 MACROVIEW OF BIOFILM FORMATION 
The value of a parameter (pressure drop, heat resistance or pipe weight) affected by 
biofouling typically presents a sigmoidal form (Melo and Vieira, 1999; Pujo and Bott, 1991) 
as shown in the following figure. 
Roo ----- -----------------------------------------------
Lagpbase Exponential Steady-state Time 
Figure 2-11 Evolution of an unspecified process parameter affected by biofilm 
formation 
Bryers and Characklis (1981) described the evolution of such parameters as being made up of 
three phases which they defined as: initial biofilm formation (lag phase), exponential 
accumulation and steady-state or plateau phase. 
This curve, after the lag phase, can be model with the following equation (Bott, 2001 b): 
R=R_{1-eP.t ) 
where: 
R = arbitrary measure of biofilm accumulation 
R_ = value of R at the steady state 
f3 = parameter of the model (growth rate) 
t = time 
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The factors that have been identified to date that account for the differences in the structure 
and development of biofilms are: strain of microorganism (Chae and Schraft, 2000), . 
Reynolds number (Pujo and Bott, 1991), shear stress (peyton, 1996), temperature (Chavant et 
al., 2003), surface material (Sinde and Carballo, 2000), concentration of nutrients (Kim and 
Frank, 1995), roughness of the surface (Medilanski et aI., 2002) and pH (McWhirter et al., 
2002). 
All fluid-dynamics parameters affect nutrient mass transfer as well as the detachment rate. 
Moreover, the liquid flow determines the transport of cells to the surface proximity from the 
bulk (Lewandowski et al., 1994; Casey et aI., 2000). 
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2.2.12 METHODS FOR STUDYING BIOFILM 
FORMATION 
survey 
Studying the fonnation and maturation of biofilms under laboratory conditions is done with 
difficulty as biofilms are dynamic systems that undergo fluctuations of nutrients availability, 
growth rate, shear rate, temperature, pH and redox. In any event, such studies offer the 
chance to analyse and dissect the effects of individual environmental parameters (Keevil, 
2001). 
In some studies microorganisms are grown separately under controlled conditions and then 
brought into contact with the solid surface on which the desired adhesion should occur 
(Norwood and Gilmour, 1999; Beresford et al., 2001). Whilst in other studies, there is no 
distinction between the stage of growth and attachment; planktonic cells are placed in contact 
with the solid substrate so that growth and attachment take place in a single stage (Van 
Loosdrecht et al., 1995). 
2.2.13 SOURCE OF MICROORGANISMS 
The source of microorganisms can be either from a batch (Kim and Frank, 1995; Chae and 
Schraft, 2000) or continuous (chemostat) culture. Coupling with a chemostat (Lewandowski 
and Stoodley, 1995; Bott and Grant, 2001) assures that number of cells, concentration of 
products and substrates and growth rate remains constant. One problem with the chemostat is 
the selection of mutants with different adhesive properties (Millar et al., 2001). Continuous 
cultures have become dominant as many aspects of biofilm physiology have been related to 
the growth rate (McLean, et al., 1999) which can be regulated and kept constant only through 
a chemostat. 
2.2.14 DEVELOPMENT OF BIOFILMS 
2.2.14.1 Coupons 
A simple way to study biofilm fonnation is through the use of coupons. These are small 
pieces of material that are put in contact with the cells suspension and then removed to 
analyse the biofilm. Analysis can either be by direct microscopic visualisation or by 
detaching the adherent cells and plating them out. Coupons can be made of materials such as 
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stainless steel, copper, glass, etc. The shape is usually square, the surface area is typically a 
few centimetres square and the thickness usually is one or two millimetres. 
The flow conditions are generally static, or if agitated, are poorly controlled (Bos et al., 
1999). Moreover, the forces to which the biofilm are exposed during the removal from the 
suspension and the rinsing are uncontrolled and the intensity of these stresses is of the same 
. order of magnitude of the interaction forces between microorganism. Hence, in these studies, 
the retention of bacteria following manipulation of the coupons is measured rather than their 
adhesion (Bos et aI., 1999). 
22.14.2 Flow cells 
The most common flow cell configuration used to study biofilms is formed by two plates 
placed parallel to each other, to create a thin layer, or by a closed channel, usually circular or 
rectangular (Bryers, 2000). A small area in one of the plates can be made of transparent 
material to allow direct observation or microscopic analysis. 
Biofilms can be produced either by recirculating cell suspensions through the cell (Stoodley 
et al., 1998) or sterile medium after inoculating (Palmer, 1999). The disadvantages are that it 
is impossible to sample the biofilm directly. 
A scheme of a rectangular flow cell with optical access is shown in Figure 2-12. 
Figure 2-12 A flow cell with a square cross section 
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2.2.14.3 Modified Robbins device (MRD) 
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This device (Figure 2-13) was developed by McCoy et al. (1981) and it is composed of a 
flow channel of circular or rectangular section in which removable sample plugs are made to . 
fit flush with the inner surface of the fluid. 
The advantages of this system are, it is possible to fabricate the plugs with different surface 
finishing or in different materials, and incorporate as many sample-plugs as one requires. 
This approach has been used to investigate the effect of different materials on biofilm 
formation using the same cell suspension (Araujo et al., 2004). 
o 
Figure 2-13 Modified Robbins device 
The disadvantages are that to increase the number of samples one must increase the length 
which results in an increase of the axial gradient in substrate and biofilm (Linton et al., 1999; 
Bryers, 2000). Also, only low flow velocities are typically used leading to laminar flow 
conditions (Linton et al., 1999; Millar et aI., 2001). 
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This is made with two cylinders one inside the other, the inner cylinder is free to rotate and 
the outer one is stationary (Bryers, 2000). Turbulent flow and constant shear rate conditions 
are achievable using this device (Lawrence et al., 2000). Rotating annular reactors (RAC) 
have been used in kinetic studies (Boaventura and Rodrigues, 1997) or on biofilm structure 
investigations (Liu and Tay, 2001). 
2.2.14.5 Radial flow device 
This consists of two identical discs separated by a thin gap (Figure 2-14). A bacterial 
suspension is introduced at the centre of the bottom disc; the flow is radially towards the 
periphery where a weir collection system is located. 
The flow cross-section increases from the center to the periphery causing the presence of 
non-homogenous radial velocity. This property allows the identification of the minimum 
shear stress required to attach onto a surface by a microorganism (Becker, 1998). 
Figure 2-14 Radial flow device 
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MONITORING BIOFILM DEVELOPMENT 
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Techniques used to monitor the growth of a biofilm comprise on line methods, microscopic 
techniques and total viable counts. 
2.2.15.1 On line methods 
In these methods one of the following parameters is periodically evaluated: weight of the test 
surface (Bott and Miller, 1983), pressure drop across a test chamber/tube (Lewandowski and 
Stoodley, 1995; Pujo and Bott, 1991) or heat resistance across a test chamber/tube (Melo and 
Viera, 1999). The last two techniques do not require interruption of the flow and 
disconnecting the test piece which prevents contaminations and alterations in the structure of 
biofilm. 
2.2.15.2 Microscopic techniques 
Many techniques are available to acquire images of biofilms, the most widely used are: 
- epifluorescence microscopy EPM (Wirtanen et al., 1996; Rossoni and Gaylarde, 
2000) 
scanning electronic microscopy SEM (Steward et al., 1995) 
- atomic force microscopy AFM (Bowen et al., 2001) 
- confocal scanning laser microscopy CSIM (Lewandowsky and Stoodley, 1995; 
Stoodley et al., 1998) 
EPM techniques allow visualization of the structure of multispecies biofilms by applying 
staining agents which give different colours to different species (fluorescent in situ 
hybridization, FISH). 
CSIM allows in vivo observations of the biofilm and also gives sagittal sections and 3-D 
informations but it requires flat samples (Surman et al., 1996). FISH and CSIM can be used 
together as shown by Thumheer et al. (2004). 
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AFM can be used to study the topography of the surface (Barnes et al., 2001) or the 
interaction between surfaces and cells (Bowen et aI., 2001). In this case the measurements 
used "cell probes" constructed by immobilizing a single cell at the apex of a tipless AFM 
cantilever. 
SEM allows the visualization of only the surface of the biofilm but gives very high 
magnification. It does not allow in vivo studies but it is not strictly confined to flat samples. 
Both SEM and EPM require staining of the samples, hence some artifacts can be generated 
(Surman et al., 1996). 
2.2.15.3 Total viable counts 
The biofilm is grown on a surface that is removed from the solution at a prefixed time. After 
removal, the surface is washed to flush away the planktonic cells remaining in the fluid left 
on the surface, the microorganisms fonning the biofilm are detached in a sonic bath 
(Beresford et al., 2001) or by swabbing the surface (Chae and Schraft, 2001). The number of 
cells present in the biofilm on the surface is obtained counting the viable cells in the solution 
after the sonication of the coupon or after vortexing of the swab. 
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There are two main ways to treat biofouling. These are either to prevent or interfere with its 
establishment or to remove the cells once they have attached 
2.2.16.1 Preventing attachment 
In this category are methods such as coating with proteins (Bames et al., 1999; Bames et al., 
2001) or components having a biocide effect so that they are released from the surface over a 
period of time, for example, nisin (Siragusa et aI., 1999; Luchansky and Call, 2004). 
Previous studies (Schneider, 1996) have shown that conditioning alters the physicochemical 
properties of the surface; the strength of the modification depends on the coating agent and 
the material. As the physicochemical properties of the surface play an important role in the 
adhesion and removal of biofilm (Pasmore et aI., 2002), surface conditioning can be a tool to 
prevent the cells adhesion or to facilitate the removal. Bovine serum albumin BSA was 
shown to decrease the number of Pseudomonas fragi cells bound to AISI 304 but not to 
chromium stainless steel (Rubio et al., 2002). Another protein, lactoferrin, found in milk, has 
been reported to reduce the adhesion of bacteria (Naidu, 2002; Oho et al., 2002). 
Another physical method capable of interfering with biofilm build up is the introduction of a 
so-called "wire-wound insert" (Wills et al., 2000; Bott, 2001 a). The effect has been 
explained by the higher turbulence that the insert causes, this leads to longer lag phase and 
lower biofilm accumulation. On the other hand, the insert affects the overall pressure drop 
increasing the fluid flow resistance. 
( 
2.2.16.2 Removing cells 
The different procedures suitable for biofilm removal are physical methods, chemical 
methods and chemical-physical methods. 
Physical treatment may comprise UV (Elasri and Miller, 1999; Granum et aI., 2002), 
ultrasound (Bott, 2001 a; Oulahal-Lagsir et al., 2000) or electric fields (Wouters et al., 1999). 
Recently, the use of Cold Plasma has been proved capable of removing biofilm from food 
surfaces (Mohla et al., 2004). 
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All the processes involving solutions of biocides (cleaning agent or antibiotics) are chemical 
treatments. Other processes involve the use of an enzyme, a so called "enzymatic wash", to 
break the biofilm structure (Parkar et aI., 2004). 
Physical-Chemical methods are hybrid technologies. For example, the use of an electric field 
to improve the penetration of a biocide in the biofilm is a physical-chemical method and is 
called the Bioelectric effect (Wellman et al., 1996). 
The effectiveness of antibiotics can be improved by applying ultrasonic waves (Qian et al., 
1997; Pitt et al., 1994); this effect is called the Bioacustic effect (Qian et al., 1999). Oulahal-
Lagsir et al. (2003) also proved that also the enzymatic wash performance is increased by 
ultrasound. 
All these methods can be effective against biofilm under certain circumstances, but the 
feasibility depends on the application. For example, UV cannot easily be used to clean inside 
a pipe, but is more appropriate for disinfecting open surfaces. 
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2.2.17 LISTERIA BIOFILMS 
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Blackman and Frank (1996) reported that L monocytogenes is able to attach to different 
material and that biofilm formation is reduced by low temperature and by minimal medium. 
More recent work (Beresford et al., 2001) has shown that Listeria is able to attach to a wide 
range of materials commonly used in food processing such as stainless steel, different 
polymers and aluminum. The same study reported that the number of cells adhered to 
coupons increased during the first 2 hours of contact regardless of nature of the material. 
Using CSLM, Chae and Sharaft (2000) have found that listerial biofilms grown under static 
conditions on glass coupons consists of two distinct layers with higher cell density in the 
bottom one. They also reported that different strains of L. monocytogenes had different 
growth rates when in biofilms whilst planktonic cultures showed similar growth rates. These 
findings confirmed those of Norwood and Gilmour (1999) who claimed that the growth curve 
of four strains of L. monocytogenes reached the same value in the stationary phase but the 
adhesion curves were different. 
Kim and Frank (1995), comparing the modified Welshimer's broth with the same medium 
where the amino-acids were replaced with tryptone, claimed that the concentration of amino 
acids was important in the initial phase of biofilm formation. There was no difference in 
biofilm formation after 12 days at 21°C but for shorter times (1, 4, 7 days) the concentration 
of amino-acids affected the area covered by the microorganism. The same authors tested 
different carbohydrates and they found that the concentration of glucose in the range 1 to 20 
gII does not affect biofilm growth, while other carbohydrates, such as mannose and trehalose 
improve the development of the biofilm. 
Proteomic analysis (Tremoulet et al., 2002 a) of L. monocytogenes cells from biofilm 
revealed that 31 out of 550 proteins spots were expressed significantly differently from those 
of planktonic cells. Of these 22 proteins were up-regulated and 9 under-regulated. Only some 
of the 31 proteins were identified. For example, flagellin was recognised among the proteins 
which decreased in biofilm cells. This confirms the findings of Vatanyoopaisarn et al. (2000) 
who gave evidence of the involvement of flagella in the adhesion process only in the early 
stages of the process as the number of cells of non-flagellated mutant was significantly 
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different from the flagellated wild type only after a short period of contact with the surface, 
whilst, after 24 hours, no difference was recorded. 
Listeria produces flagella only at temperatures below 35°C (Seeliger and Jones, 1986 
(Bergey's manual, 9th Edition), but biofilms may also be established at temperatures at which 
flagella are not expressed (Vatanyoopaisarn et al., 2000) hence flagella are involved in the 
adhesion but they are not strictly necessary in the process as shown by Vatanyoopaisarn et al. 
(2000) who reported that a non-flagellated mutant of L monocytogenes was able to colonise 
stainless steel coupons even if the number of cells bound to the surface was about an order of 
magnitude lower than the wild type strain expressing flagella. 
Two enzymes (pyruvate dehydrogenase and 6-phosphofructokinase) involved in carbon 
metabolism were over-expressed in the cells from the biofilm which led Tremoulet et al. 
(2002 a) to conclude that basic metabolism is affected by biofilm development. Moreover, 
DNA repair and protection proteins were over-expressed in attached cells, this could lead to a 
higher resistance of the biofilm. 
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2.3 MODELLING MICROBIAL PROCESSES 
There is increasing interest in being able to predict the consequences of microbial growth on 
foods during storage. If methods can be developed to give realistic predictions, considerable 
savings can be made in the costs associated with laboratory challenge testing of foods 
(Baranyi and Roberts, 1994). 
The time-dependent increase in the microbial population in a closed system is referred to as a 
growth curve and fundamental to all predictive methods is a requirement to mathematically 
model growth curves for micro-organisms of particular interest over a range of environmental 
conditions. 
Numerous expressions have been proposed including: empirical expressions (Zwietering et 
al. (1990) surveyed a number of commonly used models and re-parameterized them in an 
attempt to give physical meaning to their parameters) or based on a mechanistic approach 
(Baranyi et al., 1993; Baranyi and Roberts, 1994; Baranyi, 1997). 
Identifying the model that best describes the growth of a particular micro-organism under a 
defined set of conditions is an essential process in developing reliable predictive methods. 
2.3.1 BATCH GROWTH 
The relation between cell concentration (N) and time in a batch growth is described by a 
sigmoidal curve as shown in Figure 2-15. The curve is characterised by 3 phases: 
- Lag phase where the number of cells remains almost constant at the value 
achieved after the inoculation 
Exponential phase where the cells mUltiply exponentially 
- Stationary phase where the cell concentration remains constant 
The most significant parameters for a batch growth are: lag phase duration (A), growth rate 
during exponential phase (P), initial cells concentration (No) and cells concentration at 
stationary phase (A). 
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Figure 2-15 General growth CU1Ve in batch 
2.3.2 EMPIRICAL MODELS 
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stationary phase 
According to the classification of Roels and Kossen (1978) a model assuming that the 
biomass is homogenous (in terms of cell age) is unstructured, while if the mass 
concentration is the only variable the model is segregated. 
Generally the models comprise equations in which the cell concentration is replaced by the 
logarithm of the number of cells. Many empirical models (unstructurated and segregated) 
have been proposed in literature, the most common are: 
Gompertz 
y = aexp(-exp(b-ct)) (6) 
Logistic 
a y 
l+exp(b-ct) (7) 
Richards 
I 
Y = a{l+vexp[k(r-t)]}-; (8) 
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where: 
Y=ln(~) 
2.3.3 LAG PHASE DURATION 
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The lag phase is the time required by the microorganism to adapt to their new environment. 
Many factors, such as similarities between pre and post inoculum conditions, temperature, 
nutrient concentration, injured cells influence the lag phase duration. 
The definition of the end of the lag phase is arbitrary, therefore different values of the length 
of the lag phase can be obtained from the same growth curve depending of the definition 
used. One of the most widely used definitions is the intercept with the x axis of the tangent 
drawn through the inflection point of the growth curve (In(NINo) vs. time), see Figure 2-16 
(pirt, 1975). 
A more recent definition by Buchan and Cygnarowisz (1990) sets the end of the lag phase 
when the rate of change of the growth rate reaches its maximum, this means in the point 
where the third derivative of the number of cells with respect to time is zero, see Figure 2-17. 
Solberg et al. (1963) defined the lag as the time required by the microorganism to increase 
the average cell concentration by two-fold from time zero. 
Zwietering et al. (1992) proved that the definitions of Pirt and Buchan-Cygnarowisz give 
similar results when applied to the Gompertz and logistic models, so they suggested using the 
definition of Pirt because it is simpler. 
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Figure 2-16 Example oflag phase definition (Pirt) 
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Figure 2-17 Example of lag phase duration according to Buchan-Cygnarowisz 
(curves in different scales) 
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2.3.4 GROWTH RATE, SPECIFIC GROWTH RATE 
AND DOUBLING TIME 
The growth of microbial cultures may either be expressed in terms of the specific growth rate 
or the doubling time: 
The specific growth rate (P) is the slope of In of cell concentration during the exponential 
phase, (unit: time-I) (Baranyi and Roberts, 1995)_ 
The growth rate (k) is the number of doublings per time unit The reciprocal of the growth 
rate is called doubling time (td) and represents the time required for a population to double its 
number_ The microbial duplication is described in the figure below where the process is 
simplified assuming that duplications occur all together after a fix time interval (td)_ 
Figure 2-18 Schematic representation of the microbial duplication process 
Defining N as the number of cells at time = t and No = number of cells at t = 0, the cell 
amount is described by the following equation: 
, 
N - N t 
_=2" =>log2-=-
No No td 
changing the logarithmic base to e: 
As 
t 
,In%o t 1 In %0 
-=>-= k 
In 2 t d t d t -In 2 
=> 
In N/ 
/No 
t·ln2 
k=L 
In2 
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2.3.5 CONTINUOUS CULTURES 
2.3.5.1 Mathematical model of a chemostat 
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The vessel is modelled as a continuous stirred tank reactor. The mass balance for cells is: 
V dco", V· ( ) V .--= ·c -c + .II·C dt in oUl r out 
where: 
V = flow rate 
V = volume of the vessel 
Cl. c out = concentration of cells in the inlet and outlet 
11 = growth rate 
(13) 
. d' D V mtro ucmg: = -
V 
dilution rate, the mass balance at the steady state ( .!!... = 0) become~: 
dt 
-D'(cln -cout)=II'cout (14) 
if the concentration of cells in the inlet is 0: 
D=II 
assuming the Monod model for the growth rate: 
where: 
11 = 11 .. , • Sout 
K +Sout 
11 .. , K = parameters of Michaelis - Mentel equation 
S out = concentration of nutrient in the outlet 
equation (16) becomes: 
hence: 
D = flmax • SOUl 
K +Sout 
SoUl 
K·D 
11""", -D 
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The mass balance for the nutrient, at the steady state, is: 
V . (Sin - SOUl) = y . V . jJ • C out 
where: 
Y = yield factor 
srn' = concentration of nutrient in the inlet 
hence, considering equation (15): 
C = Sin-Soul 
out y 
The profiles of the concentrations in a chemostat outlet are in the following figure. 
D=Dc 
Figure 2-19 Concentration of nutrient and cells in outlet stream of a chemostat 
The desired growth rate can be obtained by setting the dilution rate. 
Literature 
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(19) 
(20) 
Dilution 
rate 
When D approaches JIrr= the concentration of nutrient in the outlet increases, as equation (17) 
shows. The upper limit is the concentration of nutrient in the inlet Sin. This value D is set Dc 
and can be evaluated by: 
D - Pmnx . Sin C-
K, + Sin 
(21) 
Dc is always lower than Pmax. From equation (20) the concentration of cells in the outlet, 
when D=Dc, is O. This condition is called wash-out. 
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CHAPTER 3: MATERIALS AND METHODS 
3. 1 MICROORGANISMS 
The following species of listeria were used: 
Listeria innocua (NCTC 11288, ATCC 33090). 
Listeria monocytogenes (Scott A). 
Both species were purchased from the National Collection of Type Cultures (NCTC), 
Colindale, Middx. 
3.2 CHEMOSTAT 
The bioreactor (FT Applikon, Gloucester, UK) was operated at a working volume of 1 litre. 
Sterile medium was supplied from a 20 litres glass vessel filled with 10 litres of autociaved 
( medium. The arrangement is shown in Figure 3-1. 
The pH was automatically controlled by adding 0.2 M HCI or 0.2 M NaOH; both solutions 
were sterilised at 121°C for 15 minutes in a 500 ml flask containing 200 ml of acid or 
alkaline. The pH probe (Broadley-James Corporation, Irvine, CA, USA) was connected to a 
pH controller (FT Applikon, Gloucester, UK). The temperature was controlled using a water 
bath. For temperatures below 20°C the vessel was lodged in a water bath cooled by a chilling 
unit (CZl, Grant Instruments, Cambridge, U.K.). The chiller unit was used with a separate 
temperature controller ('Fi-monitor', Fisons Ltd., Loughborough, UK). Sterile medium was 
fed to the chemostat by a peristaltic pump (Model 10 1 UIR, Watson-Marlow). Air was 
supplied to the chemostat by means of an air pump. The flow was regulated at 1.3 Umin with 
a rotameter. The air was rendered sterile by passing through a 0.2 Jl.III filter (Acrovent™ 
Filter, Pall-Gelman Sciences, Northhampton, U.K.). 
A glass medium break device was used to prevent micro-organisms in the vessel from 
growing in the medium supply line. 
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3.3 COMPOSITION OF MEDIA 
Materials 
and Methods 
Commercial media were prepared and sterilised according to the manufacturers instructions. 
For the growth of L innocua in chemostat a medium was formulated which comprised less 
expensive components than commercially available media but which gave good growth yield. 
Hence it will be referred as Tryptone-Yeast Extract (TYE) medium. 
Vitamins and aminoacids were supplied by yeast extract and tryptone, the medium was also 
buffered with phosphate salts and the aw was reduced with NaCI. MgS04 was added to supply 
a source of Sulphur and Magnesium, the same salt was used by Tsai and Hodgson (2003). 
Glucose was the carbon source and the low concentration was chosen to gnarantee that this 
was the limiting nutrient. 
The composition for 1 litre was as follows: 
Glucose 0.50 g 
NaCl 2.00g 
NaH2P04 0.50 g 
Na2HP04 0.50g 
MgS04·7H2O 0.15 g 
Yeast extract 2.50 g 
Tryptone 2.50g 
pH=6.8 
The medium was sterilised at 121°C for 20 minutes when prepared in 500 ml flasks or at 
121°C for 40 minutes when a 20 litres vessel glass, containing 10 litres of medium, was 
autoclaved. 
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3.4 GENERAL PROCEDURES 
3.4.1 STORAGE OF CULTURES 
Materials 
and Methods 
100 ml of medium were inoculated with a loopful of the supplied cells and incubated at 30°C 
for 24 hours. Sterile glycerol was added up to a final concentration of 10% (v/v) and about 2 
ml of suspension were pipetted into a sterile plastic Pasteur pipette. The tip was sealed with a 
Bunsen flame and closed by squeezing with forceps. The stock of pipettes was frozen and 
stored at -20°C until required. 
3.4.2 MAINTENANCE OF MICROORGANISMS 
Microorganisms were kept on slopes of Brain Heart Infusion (BID Agar) (Oxoid Ltd., 
Basingstoke, U.K.) at 4°C. Slopes were stored for a maximum period of one month. 
Each month a loopful of cells was taken from a slope and used to prepare a fresh one. After 
incubation at 30°C for 24 hours the slope was stored in a refrigerator at 4°C. 
" In order to reduce the possibility of selecting a mutant, every 3 months the loopful was taken 
from a melted frozen culture prepared as described below. 
3.4.3 CHEMOSTAT INOCULUM PREPARATION 
A loopful of Listeria, taken from a slope of BID kept at 4°C, was inoculated in 100 ml of 
sterile medium. The flask was incubated at 30 "C for 24 hours and shaken at 100 rpm. This 
resulted in an 00600 of approx 0.75. 
3.4.4 CHEMOSTAT START-UP PROCEDURE 
All components of the chemostat were sterilised at 121°C for 15 minutes, only the medium 
was autoclaved for 40 minutes. Sterile connectors were used to assemble all the components. 
The vessel was inoculated and the pump switched on after a batch growth overnight. The 
flow-rate of fresh medium was set using a calibration curve previously obtained and 
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periodically checked by diverting the flow to the pipette, shown in Figure 3-1, and timing the 
volumetric addition rate. 
3.4.5 CONTAMINATION TESTING 
The search of possible contamination was carried out daily by streaking chemostat samples 
onto PALCAM Agar, Tryptone Soya Agar (TSA) and Malt Extract Agar. 
The first medium is selective for Listeria. In order to identify the presence of contaminants 
TSA (a more general medium) was used. The possible presence of moulds was tested using 
malt extract agar. The Petri dishes were incubated for 48 hours at 30 ·C for the PALCAM and 
TSA plates, whilst Malt extract plates were incubated for 3 days at 2S·C. 
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3.5 CELL COUNTS 
3.5.1 VIABLE CELLS COUNT 
Materials 
and Methods 
Samples (0.1 ml) were diluted in 0.9 ml of 'A strength Ringer solution (Oxoid Ltd., 
Basingstoke, U.K.) previously sterilised at 121 ·C for 15 minutes, then shaken in a vortex 
mixer. Serial dilutions were prepared up to 1 in 108• From each dilution 0.1 ml was spread 
onto TSA plates. The count was performed after incubation for 48 hours at 30 ·C. 
3.5.2 OPTICAL DENSITY 
The optical density of the solution was evaluated at 600 nm with a Spectrophotometer (UV-
1201, Shimadzu, Milton Keynes, U.K.). Distilled water was used to zero the 
spectrophotometer. 
Figure 3-2 shows how the optical density is related to cell concentration. As can be seen, the 
optical density detection limit of the species is equivalent to a cell concentration of 1-107 
CFU/ml. 
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Another constraint to the use of absorbency is the upper limit of linearity between optical 
density and cell count. This can be seen in Figure 3-3, the linearity limit of cell concentration 
is at approximately a value of 3.109 CFU/ml which is equivalent to an absorbance of 1.7. 
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3.6 GROWTH CURVES 
3.6.1 INOCULUM PREPARATION 
Materials 
and Methods ' 
An Erlenmeyer flask (500 ml) containing 100 ml of the appropriate medium was inoculated 
with a loopful of cells from a slope. The flask was then placed in an incubator at 30°C, 
shaking at 150 rpm. After 24 hours of growth, 1 ml of this cell suspension was used to 
inoculate another 100 ml of medium. ' 
The concentration of cells in the first suspension is almost independent of the number of cells 
transferred with the loop and this allows the production of a more reproducible inoculum. 
Figure 3-4 shows the number of cells for growth in BID, TS and TYE for L innocua and L. 
monocytogenes. The highest number of cells was achieved in BID. There is not a statistically 
significant difference (P<O.05) between the concentrations of L innocua and L. 
monocytogenes in BID. 
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Figure 3-4 Cell concentration in the inoculum for batch growth curves 
3.6.2 BATCH GROWTH 
~ 
Each batch growth experiment was carried out by inoculating an Erlenmeyer flask (500 rnI) 
containing 100 rnl of fresh medium. The flask was incubated at the prefixed temperature and 
shaken at 150 rpm. The initial cell concentration was always above the detection limit and 
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hence optical density measurement is a suitable method to evaluate the lag phase duration. 
Samples were taken periodically at times depending on the growth temperature and the 
optical density was measured at 600 nm setting the zero with distilled water at the same 
wavelength. 
3.7 GLUCOSE DETERMINATION 
The concentration of glucose in the growth media was evaluated following the colorimetric 
method of Nelson (a modification of Somogyi's titration method) following the procedure of 
Hodge and Hofreiter (1962). 
The analyses were made after separating the cells by centrifugation at 13,000 rpm for 2 
minutes (Hermle centrifuge Z-383 K, LabPlant, Huddersfields, U.K.). 
3.7.1 REAGENTS 
Low alkalinity copper reagent was prepared as follows: 
12 g of potassium sodium tartarate and 24 g of sodium carbonate were dissolved 
in about 250 ml of distilled water. 
- A water solution of 4.0 g of cupric sulphate pentahydrate was added stirring 
16 g of sodium hydrogen carbonate were added 
- A solution of 180 g anhydrous sodium sulphate in 500 m1 was boiled to expel air 
- The two solutions were then combined and diluted to llitre 
- After standing for 1 week the clear supematant solution was used. 
Arsenomolybdate reagent was prepared as follows: 
- 25 g ammonium molybdate in 450 ml of water was added to 21 m1 of 96% 
sulphuric acid 
a solution of 3.0 g of disodium hydrogen arsenate heptahydrate in 25 m1 of water 
was added 
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The mixed solution was incubated for 24 hours at 35 ·C in a brown-stopped 
bottle. 
3.7.2 ANALYTICAL PROCEDURE 
Between 1 and 5 ml of glucose solution (containing no more than 0.6 mg ofD-glucose) were 
pipetted in a graduated test tube. The low alkalinity copper reagent was added in the same 
amount of the sample. The test tubes were stoppered and heated in a vigorously boiling water 
bath for 10 minutes. After cooling, 2 ml of arsenomolybdate reagent was added. The test 
tubes were shaken in order to dissolve completely the cuprose oxide formed. The volume of 
each test tube was made up to 25 ml with distilled water. After standing for 15 to 40 minutes 
the absorbency was read at 500 nm with a spectrophotometer (UV-l201, Shimadzu, Milton 
Keynes, U.K.). The sugar concentration was evaluated comparing the reading against a 
calibration curve previously established. A calibration curve was prepared for each new stock 
of reagents, Figure 3-5 is an example. 
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3.8 ADHESION TO COUPONS 
Materials 
and Methods 
Coupons used in these analyses were made of stainless steel AISI 316, the size was 1 cm 
square and thickness 1 mm. 
3.8.1 COUPONS PREPARATION 
The treatment of coupons was performed in two phases- the first was cleaning and degreasing 
and the second sterilization. Coupons were placed in a Universal bottles (4 coupons per 
bottle) with 10 ml of NaOH 0.5 % w/w; after 20 minute of sonication in a bath (FB 11012, 
FisherBrand®, Loughborough, U.K.) each coupon was rinsed three times in distilled water. 
Then the coupons were placed in 10 ml of acetone (12 coupons per beaker) for 10 minutes, 
followed by three rinses in distilled water. 
The coupons were finally placed in a Universal (4 coupons per bottle) and sterilized for 15 
minutes at 121 °C. 
3.8.2 COATING OF COUPONS 
Milk dilutions up to 0.01 % (v/v) were prepared with UHT skimmed milk (purchased from a 
local supermarket) diluted with sterilized distilled water. A sterile Universal was filled with 5 
ml of an appropriate milk dilution and one coupon was introduced into it ensuring that it was 
laid horizontally on the bottom of the bottle. Flamed forceps were used to manipulate 
coupons. 
The Universal was incubated statically at the required temperature, and for the required 
period of time, prescribed for the experiment performed. 
After coating, the coupons were individually rinsed in distilled sterile water 3 times, and then 
stored in a sterile Universal. 
3.8.3 CELL DETACHMENT FROM COUPONS 
Coupons were gently removed from the cells suspension with flamed forceps and gently 
. rinsed three times in 10 ml of % strength Ringer solution (Oxoid Ltd., Basingstoke, U.K.), 
sterilised at 121 °C for 15 minutes, so that only unattached cells were removed taking care not 
to detach the biofilm. The coupons were then placed in 10 ml of sterile % strength Ringer 
solution, placed in a Universal and the cells were detached by 2 minutes of sonication in a 
bath (FB 11012, FisherBrand®, Loughborough, U.K.). The cell suspension so obtained was 
counted following serial dilution and plating on TSA. 
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3.9 X-RAY PHOTOELECTRON 
SPECTROSCOPY (XPS) 
Materials 
and Methods 
The surface composition of coated coupons was investigated using XPS in order to correlate 
the effect of the milk components on the microbial adhesion process. After coating the 
coupons were dried in a laminar flow cabinet for 1 hour and then stored in a sterile Petri dish 
before being analysed. Coupons were mounted onto specimen stubs using double sided tape. 
XPS data were obtained using a ESCALAB 5 electron spectrometer (VG Scientific, East 
Grinstead, U.K.) interfaced to a computer running a in-house software. The X-ray source was 
AlKa operated at 8 kV 20 mA. Other conditions were: pass energy 85 eV and Pressure below 
10.7 mbar. High resolution spectra were obtained in 60-70 scans. 
The quantification of the peaks was performed using in-house software. 
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Materials 
and Methods 
The scheme of the apparatus assembled and used to study biofilm fonnation is given in 
Figure 3-6 and a picture of the rig is shown Figure 3-7. 
Culture from a chemostat was fed directly into a mixing vessel. From this the suspension was 
pumped through the test tubes and a heat exchanger, then back to the mixing vessel. Both the 
vessel and the heat exchanger were placed in a water bath where a chilling unit kept the 
temperature constant. A by-pass line was used to regulate the overall flow rate, whilst a 
peristaltic pump removed the overflow from the mixing vessel. Each individual component is 
described below. 
Some of the components of this apparatus such as the chemostat and the pumps were already 
available at the beginning of the project, whilst the test section, the data logging hardware 
connected to the pressure transducers and the software to record the data were completely 
designed, built and assembled during the project. 
3.10.1 CHEMOSTAT 
The outlet of the chemostat, previously described, was connected directly to the mixing 
vessel instead of to the overflow tank. 
3.10.2 MIXING VESSEL 
The streams from the chemostat and from the recycle loop are mixed in 2 litre glass pot. 
3.10.3 TEST SECTIONS 
Four stainless steel tubes AISI 304, size: 1 m long 0.0., 12 mm and 1.0. 10 mm (East 
Midlands Alloys, Loughborough, U.K.) were connected using a specially designed manifold 
and fed with the cell suspension from the mixing vessel by means of a centrifugal pump, the 
overall flow rate was adjusted by the valve placed in the by-pass line while after the manifold 
a valve was placed in each tube to control the flow that was monitored by orifice plates. 
The internal roughness of the tubes was measured using a Talysurf 4 profileometer (Taylor-
Hobson Ltd., Leicester, U.K.) and a Ra value of 1.7 /lI1l was obtained. 
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Figure A4-1 shows the technical drawing of the manifold and Figure A4-2 shows how the 
tubes and the two manifolds (top and bottom) were assembled together. 
Chilling units 
Test tubes 
Mixing vessel 
Water bath 
Centri fuga I pump 
Figure 3-7 Picture of the biofilm test-rig 
3.10.4 PRESSURE DROP MEASUREMENT 
The pressure drop across each tube and each orifice plate was measured using 8 differential 
pressure transducers with an operating range between 0 and 5 psi (a scheme of the circuit 
board is in Appendix 4). The readings were sent to a computer through an acquisition card to 
visualise the values and to store the data. 
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Orifice plate 
Manifold 
Regulating valve 
Figure 3-8 Manifold, regulating valves and orifice plates 
3.10.5 FLOW MEASUREMENT 
Materials 
and Methods 
Two different orifice plate hole sizes were used: 5 mm and 5.5 mm depending on the flow 
required in the tube. For each orifice plate a calibration curve (pressure drop vs. flow) was 
obtained (see Figure 3-9) and used to set the flow conditions. 
Data for each tube were fitted with the foUowing equation: 
Orifice plate reading = K"'be . Flow 2 (22) 
The values for K,ube, when the flow rate is expressed in Ilmin, are: 
Tube I Tube 2 Tube 3 Tube 4 
KlUbe 27.40 40.6 1 66.71 39.42 
Table 3-1 Coefficients for orifice plates calibration curves 
60 
Listeria innocua - Growth and 
Biofilm formation by Stefano Pemi 
2000 
1000 I 
-1Ubel 
1600 !- -
-1Ube2 
1400 
- r-
f 1200 
" 
1000 i 
-tube 3 
- r-
-tube 4 
~ 800 a 
000 
V 
400 
200 
.-1--' v ~ .-
~ 
-" 
-
- • o 
1 2 
V 
Y 
/ 
/ 
~ / d 
V ~ IP 
,/ ~ v • ./ 
./ V 
/' 
,£ i-"" v V. 
A .-
... I- .-
--
• 
3 • • 
FlOw ",re (Vmln) 
Figure 3-9 Calibration curves for the four orifice plates 
V 
~ /' 
~ V ~ 
:p V 
,./ I-' 
./ 
• 
Materials 
and Methods 
./ ~ 
If 
./ 
,./ 
./ 
7 
Tubes 2 and 4 were fitted with orifice plates of the same size resulting in overlapping 
calibration curves; whilst the different calibration curves of tube 1 and 3 were caused by 
setting the circuits connected to the transducers with different values of gain and excitation. 
This was done such that each orifice plate was optimised for a specific flow rate. 
3.10.6 OVERFLOW REMOVAL 
A peristaltic pump (Model 302S, Watson-Marlow) was used to remove the overflow stream 
from the tank. The flow was set higher than the required one so the volume of liquid inside 
the vessel remained constant at the level set by the tube used to remove the stream. 
3.10.7 HEAT EXCHANGER 
The temperature of the fluid was kept constant using a heat exchanger made from a single 
length of stainless steel tube (AISI 316 1.0. 10 mm) coiled 3 times and immersed in the water 
bath along with the mixing vessel. The temperature of the water bath was controlled with a 
chilling unit (CZ1, Grant Instruments, Cambridge, U.K.) coupled with a separate temperature 
controller ('Fi-monitor', Fisons Ltd., Loughborough, U.K.). 
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3.10.8 STERILISING PROTOCOL 
Materials 
and Methods 
Sterilisation by autoclaving was not possible due to the size of the· apparatus and the 
electronic components. Consequently, a biocide solution was used to sanitise the rig before 
each experiment. 
The rig was filled with a biocide solution RBS pF (Alkaline and phosphate free) purchased 
from Chemical Products R. (Borghgraef S. A., Belgium). The cleaning agent was used at the 
recommended concentration and the solution circulated through the test tubes for 24 hours. 
This solution was fed through the same line used for the water but without the in-line filter. 
Once the biocide solution was poured away the filter was put in place. After sterilisation the 
rig was flushed with 100 litres of tap water sterilised by passage through an in-line filter 0.2 
Ilm Sartoclean CA (Sartorius, Epsom, Surrey, U.K.). A pre-filter was placed before the 
sterilising filter to remove any large particles present. 
The line which connected the chemostat to the mixing vessel was autoclaved at 121°C for 15 
min wrapped in aluminium foil. This procedure was introduced to avoid the presence of 
traces of biocide in this line as the distilled water used to flush the rig was fed through a 
different line. 
The same protocol described in § 3.4.5 was adopted on samples taken from the re-circulating 
rig to check the presence of contaminants, this was done On a daily basis. 
3.10.9 START UP PROCEDURE 
After flushing away all the biocide the rig was left full of water and the vessel was connected 
to the chemostat. 
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3.11 REMOVABLE SECTIONS -
DESCRIPTION AND PROCEDURES 
3.11.1 TECHNICALDATA 
Materials 
and Methods 
The tubes were cut from lengths of stainless steel (East Midlands Alloys, Loughborough, 
U.K.) into 5 cm long sections. Four grooves were milled on the external surface of the 
sections; these grooves were 1 cm long, 1 mm width and 2 cm from the top and bottom of the 
part piece. Figure 3-10 shows the scheme of a section. These were connected using brass 
push-in fittings (Flow-Tech, Loughborough, U.K.), the overall length of the test sections 
remained at 1 m. 
Figure 3-10 Scheme of a removable section 
3.11.2 LOCATION OF SECTIONS 
The sections were placed 10 cm from the end the tubes, this allowed sufficient distance from 
the orifice plates for the flow to develop; in turbulent flow this distance is 40 times the 
diameter (Perry, 1997). 
3.11.3 FIXING OF BIOFILM 
At the end of the experiment the rig was drained and the sections removed and treated. The 
section was first washed in sterile phosphate buffer solution (PBS) to removed unattached 
cells. They were then fixed in 2% glutaraldehyde (buffered with PBS) for 2 hours and finally 
washed three times in PSB for 15 minutes. 
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3.11.4 CUTTING 
Materials 
and Methods 
After fixing the biofilm present on the inside surface, the sections were cut to obtain a test 
piece open coupon that allowed analysis by Scanning Electron Microscopy (SEM). The 
technique developed to remove a piece of the tube wall for analysis is described in Figure 
3-11. The first 2 cm of the section were cut away using a pipe cutter in order to expose the 
grooved area. Following this the thin wall section was cut off with a saw and the small 
coupon detached. 
The grooves avoided prolonged sawing that would have affected the biofilm whilst leaving 
the top and bottom part of the section uncut allowed a seal to be formed when the sections 
were in place in the test tubes. 
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Figure 3-11 Cutting process of the removable sections 
In order to prevent the surface from drying during treatment, the test pieces were immersed in 
PBS after every step. 
At the end the process, the stainless steel piece was stored in PBS at 4°C before being 
analyzed by SEM. Samples were never stored for more than 4 days. 
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3.11.5 FINAL TREA TMENT AND S.E.M. 
OBSERVATION 
Materials 
and Methods 
Portions of tube cut as previously described was prepared for Scanning Electron Microscopy 
by washing in distilled water for 5 minutes. Following an alcohol dehydration: (dehydrate 
through 70% and 90% ethanol for 10 minutes each, dehydrate in absolute ethanol for 10 
minutes and finally dehydrate in absolute analar ethanol for 10 minutes). Then the samples 
underwent a critical point drying (Baltec CPD 030 Critical Point Dryer) and then they were 
coated with gold (Sputter coat) for 90 seconds @ 20mA (Polaron SC7640). 
The observations were carried out with SEM. (Hitachi S3000H - Hitachi Scientific 
Instruments). 
3.12 SIMULATED MILK ULTRA-FILTRATE 
(SMUF) SOLUTION COMPOSITION 
The Simulated Milk Ultra Filtrated (SMVL) is made mixing three different solutions whose 
compositions are in Table 3-2 (Jenness and Koops, 1962). 
Component Concentration g/l 
Solution 1 
KHzP0 4 1.58 
K3 citrate 'H2O 1.20 
Na3 citrate'2H20 1.18 
K2S0 4 0.18 
Solution 2 
K2C03 0.30 
KCl 0.60 
Solution 3 
CaCIz'2H20 1.32 
MgCIz'6H2O 0.65 
Table 3-2 SMUF solution composition 
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CHAPTER 4: MODELLING BATCH 
GROWTH 
batch growth 
4.1 ESTIMATING THE MAXIMUM GROWTH 
RATE FROM MICROBIAL GROWTH 
CURVES 
One objective of the work reported here was to determine whether L. innocua can serve as a 
surrogate for L. monocytogenes in field trials where the use of the latter might pose a threat to 
public health. This is addressed here by culturing both organisms at temperatures in the range 
4 to 50°C and modelling the growth data obtained using mathematical models commonly 
used in relation to food borne pathogens. The models used here were the Baranyi-Roberts 
(1994), the re-parametrised logistics and Gompertz (Zwietering et al., 1991). The appeal of 
models in food microbiology was previously discussed in § 2.3, but the specific purpose of 
using such models here was to obtain growth parameters (e.g. flmax and Ao) that could be 
objectively compared for both organisms. The results obtained using these models are 
described below in detail. In the course of comparing these results with those obtained from 
previous studies reported in the literature, inconsistencies were discovered in the way in 
which key parameters were defined and used. These anomalies were investigated further and 
led to interesting findings concerning the limitations of certain models under particular 
circumstances and these results are also reported here. 
4.1.1 THEORY 
The coefficients in the Gompertz, Logistic and Richard models as they were originally 
formulated have no relation to the significant parameters of the growth curve. In an attempt to 
give physical meaning to these parameters, Zwietering et al. (1990) reparametrised them. In 
this process the lag phase was taken as the intercept of the tangent at the inflexion point with 
the horizontal tangent at Yo, whilst the growth rate was defined as value of slope through the 
inflection point (first derivative of y in that point) and noted as maximum growth rate f.Imax. 
The value of y as t -+ 00 is denoted as A. 
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Zwietering et al. (1990) published the modified equations of the models according to this 
notation. The mathematical manipulations involved in these reparameterisations are given in 
Appendix 2. 
Gompertz 
Y = Aexp( _ex{Jl:;.xe (,1-t)+I)) (23) 
logistic 
(24) 
Richards 
1 
Y = A{I +vexP(I+V)exp[Jl;x (I + V)(I';) (A -t)]}-; (25) 
Baranyi et al. (1993) developed a less empirical model based on characteristics of growth 
cultures. In this model the variation of the cell population is described by a first order 
differential equation where the growth rate is mediated by another function, called the 
adjustment function o(t}. This is a monotonically increasing function that equals 0 when time 
= 0 and tends to 1 as time increases. It is intended to represent the effect that the change of 
environment from the inoculum exerts on the growth of a microbial population. 
ldx = a(t). Jl(X). X dt x(O)=Xo (26a, b) 
The system of equations above describes the so-called "initial value problem" which has a 
unique solution. 
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The adjustment function is supposed to describe the bottle-neck effect on the microbial 
growth rate due to the concentration of an internal component (this could be ATP, DNA, 
RNA, etc) of the cell pet}. Moreover, the growth rate is described by: 
This model can be rewritten in its generic form (Baranyi and Roberts, 1994): 
1dx f.l(t) = -( )- = f.lmaxa(t )f(t) 
x t dt 
(27) 
(28) 
where c(t} is the previously described adjustment function and fit} is monotonically 
decreasing; f(O) = 1 and limf(t) = 0 
,-.-
The explicit solution of the model is (Baranyi et al., 1993): 
(29) 
where: 
, 
<29I(t) = J a(s)·ds (30) 
o 
Assuming that the effect of the adjustment function is described by a Michaelis-Menten 
kinetic form as follows (Baranyi and Roberts, 1994): 
and: 
ldP(t) =v·p dt p(t=O)=P 0 
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the solution of this system is: 
P = Poevt 
introducing: 
where: 
equation (31) becomes: 
P. evl q(t) a(t) = 0 = -"-''-7-:-
K +P.evl l+q(t) p 0 
Integrating the adjustment function: 
Baranyi and Roberts (1994) introduced another parameter: 
. ho = Pm.xA = In(l+ :J = -In(ao) 
~t) tends to ~t-A) where: 
1 In(I+-) 
A= qo 
v 
Modelling 
batch growth 
(33) 
(34) 
(35) 
(36) 
(37) 
(38) 
(39) 
Baranyi et al. (1993) proved that the value of this parameter is close to that of the duration of 
the lag phase so this coefficient was taken as representing the lag phase in their model. 
equation (37) becomes: 
c#(t) = t +!.In(e-v., + e-h, _e-v<-h, ) 
v 
equations (29) and (40) constitute the Baranyi-Roberts model. 
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where: 
y = natural logarithm of the cells concentration 
Yo = natural logarithm of the initial concentration 
y"",x = natural logarithm of the cells concentration at the steady state 
Jlrrax = maximum growth rate 
m = curvature parameter from the transition from the exponential phase 
v = curvature parameter to the transition from the exponential phase 
ho = dimensionless parameter equal to A . Jlrrax 
Modelling 
batch growth 
The six parameters of the model were later reduced to four by assuming that: m = 1 and v = 
f1mox (Baranyi, 1997). 
Another property of the Baranyi-Roberts model is that it is a dynamic model, therefore 
microbial growth under conditions of changing temperature can be modelled just by adding 
"' the equation governing the temperature behavior to the original system of differential 
equations and a relation relating f1mox and temperature. This approach was taken by Baranyi et 
al. (1995) who modelled the growth of Brochothrix thermosphacta under conditions of 
changing temperature. They assumed that the growth rate immediately adjusts to the shifts in 
temperature and that f1mox is the only temperature dependent parameter. They used the system 
of equations given below and obtained good agreement between predictions and experimental 
data. 
dx =a(t).Jl""x(Temp).[(~)m -1).X 
dt x""x 
Jlmax = Jlmax (Temp) 
Temp = Temp(t) 
\ 
The growth rate of the cell population during a batch growth is graphically represented by the 
slope of the growth curve in every point pf.t); this function has a maximum, Max (Il), through 
the inflection point of the growth curve which is where d
2
; = d(P) = O. A figure in the 
dt dt . 
work of Baranyi and Roberts (1994) implies, but does not explicitly state, that the coefficient 
f1mox of the model and Max (Il) are synonymous. This is clearly in contradiction of the 
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statement in Baranyi et al. (1993) in which /lmax is defined as the value of P at infinite 
dilution. Notwithstanding, it would be instructive to determine the relationship between f.Imax 
as predicted by the Baranyi-Roberts model and that of the slope of the growth curve function. 
To do this the first derivative, of the equation resulting from the reduction of the parameters 
to four (Baranyi, 1997), with respect to time was obtained: 
To do this the first derivative with respect to time was estimated from equation (26a) and 
(27): 
1 dx dy ( ) { .( x) 
--=-=pt =Pmaxat 1---
x dt dt x""x 
where: 
x is the cell concentration expressed either in terms of absorbance or viable count 
and, according with the simplifications proposed by Baranyi (1997): 
e-ho 
a{t) = -e--p"..::-:':-+-e--"ho---e-"=-_:-':--ho;:-
(41) 
(42) 
It was also necessary to obtain the maximum value of the first derivative. Because finding the 
second derivative and setting it equal to zero would not have yielded an expression explicit in 
t, equation (41) must be plotted for all values of t in order to obtain the maximum. 
4.1.2 RESULTS 
Figure 4-1 shows absorbance data and cell count for L innocua and L monocytogenes grown 
at 30°C in BHI, all data come from the average of three counts. Figure 4-2 shows the 
application of all three models - Gompertz, logistic and Baranyi-Roberts - to the experimental 
absorbance and viable count data for both L innocua and L monocytogenes: The parameters 
for all the models were obtained using regression software (DATAFIT 7.1, Oakdale 
Engineering, Oakdale, USA) and parameter estimates were verified for the Baranyi-Roberts 
model for viable counts data using software made available at 
http://www2.ifr.bbsrc.ac.uklMicroFitl and all three models accounted for the experiment data 
well. 
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Figure 4-1 Optical density and cells count/or growth oIL. innocua (a) and L. 
monocytogenes (b) in BH1 at 30 ·C 
72 
~------------------------------------------------- - --
Listeria innocua - Growth and 
Biofilm formation by Stefano Pemi 
• 
" ,~
~, 
Modelling 
batch growth 
" , : 
~, 
,1.--~-~-~-~-~-~-,ij4,"· .' 
b 
• 
" ...... d 
• data -- Baranyi-Roberts 
• 
• 
--Logistic 
" • 
';" 
- .• -. Gompertz 
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Gompertz 
Baranyi-Roberts 
logistic 
Gompertz 
Baranyi-Roberts 
logistic 
Viable count 
RSS 
0.297 
0.3179 
0.3684 
Absorbance data 
RSS 
6.617 
1.2 
1.6 
R2 
0.991 
0.990 
0.989 
R2 
0.996 
0.999 
0.999 
Modelling 
batch growth 
Table 4·] Residual sum of squares (RSS) and ~ for the fitting of Listeria 
monocytogenes growth curves with Gompenz, logistic and Baranyi-Robens model 
Viable count 
RSS R2 
Gompertz 0.2646 0.993 
Baranyi-Roberts 0.344 0.987 
logistic 0.3 0.992 
Absorbance data 
RSS R2 
Gompertz 6.035 0.996 
Baranyi-Roberts 9.377 0.999 
logistic 1.3 0.999 
Table 4·2 Residual sum of squares (RSS) and ~ for the fitting of Listeria innocua 
growth curves with Gompenz. logistic and Baranyi-Robens model 
Table 4-1 and Table 4-2 show the goodness of fit and the values of the residual sum of 
squares (RSS): no single model gave a consistently better goodness of fit over all the data, a 
conclusion also reached by Baty and Delignette-Muller (2004). In Table 4-3 estimates of Iln= 
from all three models are compared for both absorbance and viable counts data. Also shown 
are values of the maxima of the slopes derived from the Baranyi-Roberts model using 
74 
Listeria innocua - Growth and 
Biofilm formation by Stefano Pemi 
Modelling 
batch growth 
equation (41) and (42). All the models used here are consistent in predicting Ilmax for L. 
innocua to be greater than that for L monocytogenes. 
For both species of bacteria, the values of Ilmax predicted by the logistic and Gompertz models 
which are based upon viable counts data are higher than those based on absorbance data. 
This is also the case for the estimate of Ilmax based on the slope of the Baranyi-Roberts model. 
In contrast, the Baranyi-Roberts model predicts a greater value for Jlmax based on absorbance. 
The discrepancies between the values for Ilmax based on absorbance and viable counts data 
have been the subject of previous investigations (Dalgaard et al., 1994; Begot et al., 1996; 
Dalgaard and Koutsoumanis, 2001). Growth parameters estimated on the basis of viable 
counts data are generally held to be more reliable, particularly at low cell densities. However, 
the appeal of absorbance measurements is that they can be obtained with relative ease and 
can even be automated (Begot et al., 1996). The ratios of the estimates for Ilmax by absorbance 
and viable counts data obtained here vary from 0.89 to 1.3 - well within the ranges 
determined by Dalgaard and Koutsoumanis (2001) who analyzed some 176 data sets. 
Dalgaard et al. (1994) proposed a function that corrected for non-linearities in absorbance 
measurements at high cell densities but their approach appears not to have been widely 
adopted. 
As cell concentration and the optical density are linearly correlated over a reasonable wide 
range, many authors (Augustin et al., 1999; Begot et al., 1996; Dalgaard et al. 1994; 
Dalgaard and Koutsoumanis, 2001; Hemandez and Marin, 2002) have investigated the 
possibility of using turbidimetric data instead of cell counts, to obtain the growth 
characteristics of bacterial cultures. Furthermore turbidimetric readings have been used to 
model the growth curves (Baty et al., 2002). These authors concluded that this approach 
gives satisfactory results provided that precautions are taken. In essence this is that the cell 
concentration must always be above the detection limit and below the linear limit of the 
correlation with optical density. 
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Dalgaard and Koutsoumanis (2001) showed that using optical density data it was possible to 
arrive at inaccurate estimates for the duration of the lag phase. These data are presented in 
Figure 4-3. It is apparent that at low cell concentration (far below the detection limit) a lag 
phase of about 13 hours was obtained using optical density. However, a more realistic value 
of 1 hour was obtained when viable count data were used. 
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Figure 4·3 Estimates of the different values of lag phase evaluated using VC or 
Absorbance (Dalgaard and Koutsoumanis, 2001) 
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Figure 4-4 and Figure 4-5 show the Baranyi-Roberts model prediction and the value of the 
slope in each point obtained using equation (41) and (42). For each set of data the first 
derivative of the Baranyi-Roberts model reached a maximum after about 4 hours of growth; 
the curve representing the absorbance data or cell count shows an inflection point at that time. 
as expected . 
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A very significant feature of Table 4-3 is that the values of Pmax predicted by the Gompertz 
and logistic models are very similar to each other and similar to the slope of the Baranyi-
Roberts model whilst being markedly different to the values of Pmax predicted by the Baranyi-
Roberts model: this applies to both species bacteria irrespective of whether growth was 
detennined by absorbance or viable counts data. 
Gompertz Logistic Baranyi-Roberts 
Pmax Pmax Pmax Max (It) 
bacterium Abs VC Abs VC Abs VC Abs VC 
L monocytogenes 0.682 0.809 0.668 0.793 1.031 0.907 0.655 0.759 
L. innocua .0.778 0.999 0.754 0.956 1.188 1.090 0.734 0.906 
Table 4-3 Comparison of estimates of Pmaxderivedfrom different growth models and 
the slope of the Baranyi-Roberts model 
This clearly demonstrates that the Baranyi-Roberts model can be used to yield two estimates 
of Pmax - each dependent on the definition of Jimox. However, there are conditions when both 
estimates converge. Using hypothetical data we fixed the value of ho as 2.7 and Pmax as 1.0 in 
the Baranyi-Roberts model - values similar to those obtained using experimental data for the 
listeriae - and then calculated Max (It) of the Baranyi-Roberts model at different values of 
(ymax - yo). This is illustrated in Table 4-4 where it is seen that the value of the slope 
approaches 1.0 at high values of (Ymax - Yo). This indicates that convergence is more likely to 
occur when the estimates are based on viable counts data because in these instances the value 
of Yo will be relatively low. This effect has been observed for experimental data by Dalgaard 
and Koutsoumanis (2001) who found that ratios of Pmax obtained by absorbance and viable 
counts data tended towards 1.0 at high cell yields - i.e. at high values of Ymax. 
79 
~----------------...... -...... 
Listeria innocua - Growth and 
Biofilm formation by Stefano Perni 
Ymax - Yo 
3 
5 
7 
10 
12 
15 
Max (11) 
0.650 
0.853 
0.940 
0.986 
0.995 
0.999 
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Table 4-4 Effect a/the parameter y""",- Yo on the slope derived/rom the Baranyi-
Roberts growth model 
4.1.3 DISCUSSION 
The notion that an organism can grow at a maximum growth rate is not a difficult one to 
grasp. The potential for confusion arises because there exists more than one definition of this 
important parameter. In such circumstances, caution needs to be exercised in comparing 
values without first establishing the basis upon which each is defined. This seems to have 
been appreciated in relation to predictions of the duration of the lag phase, A.; Zwietering et 
al. (1992) treated as distinct values of A. obtained using three different definitions of the 
parameter. However, the same awareness has not always been applied to comparisons of 
Ilmox. For example, Membre et al. (1999) compared values of Ilmox obtained for L 
monocytogenes using both the Gompertz and Baranyi-Roberts model but found that the 
former overestimated Ilmox. Similarly, Sutherland et al. (1996) in developing a model to 
predict the growth rate of B. subtilis at different environmental conditions, obtained values of 
Ilmox from growth curves using the Baranyi-Roberts model and then compared their values 
with literature data, some of which were based on the alternative definition of Ilmox. 
Our analysis serves to emphasise the caution made above regarding comparisons of values of 
Ilmox. We used the Baranyi-Roberts growth model to derive two estimates of Ilmox each based 
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on a different definition of the parameter. Moreover, we identified conditions under which 
both estimates would tend to converge towards each other. In strictly theoretical terms, values 
of Pmox obtained using the two different definitions will, according to equation (27), only 
become identical when the cell concentration is zero. However, if the inflection point of the 
growth curve occurs at very Iow cell concentrations, the growth rate at that cell concentration 
as represented by Max (/-t) will be close to the value of growth rate at infinite dilution 
(Dalgaard et al., 1994). This is a theoretical property of the model as the ratio 
....!:!....- = a{t )f{t) , equation (41), tends to 1 when yo «y <<Ymax ; this situation can only occur 
Pmax 
when (Ym .. - Yo) is large. Moreover, the ratio P/Pmox does not depend on either Yo or Ymax 
individually, but only on the difference between the two values (Ymax - Yo); as demonstrated in 
Table 4-4. 
A large value of (Ymax - Yo) might possibly be achieved using a lower inoculum concentration 
than was used here, however, this could result in the cell concentration falling below the 
threshold detectable by absorbance methods (Begot et al., 1996). However, such high 
inoculum levels are not often typically encountered when growth curves are obtained through 
the use of viable counts and for these situations the discrepancies between Pmox and Max (/-t) 
are smaller. 
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4.2 COMPARISON OF THE GROWTH OF L. 
INNOCUA AND L. MONOCYTOGENES IN 
LABORATORY MEDIA 
The two species were grown in BHI, TSB and TYE at 13 temperatures ranging from 4 to 50 
°C covering almost completely the temperature range. The aim was to determine whether L 
innocua can serve as a potential surrogate for L. monocytogenes in trials outside of the 
laboratory where the use of the latter would pose a risk to public health. 
The coefficients for the Baranyi-Roberts model were obtained for all the sets of data; the 
coefficients of the model for each experiment are in Table 4-5, 4-6, 4-7. 
The interpretation of the coefficients is: 
Yo =OD6OOo 
Ymax = OD 600 max 
. This model was chosen as it was reported to give a better fit than the Gompertz, logistic and 
Richards models (Buchanan et al., 1997). 
Data representing points of the death phase were collected but not included in the modelling 
as the equation used does not contain a death rate term. 
All the experimental data and the models plots are shown in Appendix 1. 
The growth rate for each set of experimental conditions (i.e. medium and temperature) was 
estimated by evaluating Pmax, using the coefficients of the Baranyi-Roberts model obtained 
for the set of data as previously demonstrated in § 4.1. 
The lag phase was evaluated according to the definition previously quoted for the Baranyi-
Roberts model: 
(43) 
The results are summarised in Table 4-8 for L. innocua and in Table 4-9 for L 
monocytogenes. 
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4.2.1 RESULTS 
Modelling 
batch growth 
The absence of a stationary phase was observed at temperatures above 40°C in all media 
tested: at these higher temperatures the optical density reached a peak. This was due to an 
increase in the death rate with temperature. 
In the three media tested the growth rate of L. innocua increases with temperature from 4 °C 
reaching a maximum at 40°C, but the increase in Pmax is steepest in TYE (Figure 4-8); L. 
monocytogenes shows this behavior only in Bill and TSB (Figure 4-6 and Figure 4-7), while 
in TYE the highest growth rate is achieved at 37°C (Figure 4-8). 
In all cases the growth rate decreases rapidly at temperature above the optimum. In TSB the 
two species grew at all temperatures up to 47°C whilst at 50 °C no growth was observed. 
However, because the model employed the logarithms of Pmax it was not possible to enter a 
zero value for growth at 50°C and as a consequence the model predicts non-zero values 
above 47 cC. 
In Bill L. monocytogenes was able to grow at temperatures up to 50°C, while L. innocua 
grew only at 47°C and not at 50 °C (Figure 4-6). L. monocytogenes did not grow at 
temperature higher than 40°C when inoculated in TYE; whilst L. innocua grew at 
temperatures up to 45°C in this medium. L. innocua grew faster than L. monocytogenes in 
Bill at temperatures between 15 and 40°C. At temperatures between 4 and 15 °C the growth 
rate of the two species was almost identical in each medium. The growth rate of L. innocua 
in TSB (Figure 4-7) and TYE (Figure 4-8) was always higher than L. monocytogenes. For 
both of these media the difference between the two species was more marked than in Bill. 
Uniquely in Bill, the growth rate of L. innocua exceeded that of L. monocytogenes at 
temperatures below approximately 40°C, whereas above this temperature L. monocytogenes 
grew faster. 
The duration of lag phase for L. monocytogenes decreased throughout the temperature range 
studied in all the media. This pattern was followed by L. innocua. 
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In all of the conditions studied the lag phase duration shows a steep increase at temperatures 
below 20°C, whilst at temperatures above this value the lag phase decreases only gradually if 
at all. 
The lag phase of L innocua was longer than L. monocytogenes at temperatures below 6 °C 
for growth in Bm (Figure 4-9) but the reverse was the case in the other two media (Figure 
4-10 and Figure 4-11). 
Temperature JI,ruvc - Specific growth rate (p.1) A. - Lag phase (h) 
eC) TYE TSB Bm TYE TSB Bm 
4 0.04 0.03 0.03 63 138 80 
10 0.12 0.11 0.08 16 30 20 
15 0.26 0.21 0.20 11 9.9 11 
20 0.40 0.33 0.32 4.1 3.9 5.1 
25 0.69 0.53 0.48 1.8 2.6 3.7 
30 0.88 0.79 0.77 3.8 1.7 2.7 
35 0.97 0.93 0.83 1.5 1.5 2.0 
37 1.02 0.94 0.87 1.4 1.4 2.3 
40 1.15 0.95 0.89 1.8 1.4 1.9 
42 0.78 0.72 0.69 0.4 0.7 1.6 
45 0.30 0.67 0.46 2.3 0.7 1.2 
47 -----.. 0.61 0.37 00 1.4 0.6 
50 ------ ------ ------ 00 00 00 
Table 4-8 Specific growth rate and lag phase of L innocua batch cultures as a 
jUnction of temperature 
87 
Listeria innocua - Growth and 
Biofilm formation by Stefano Pemi 
Temperature JImax - Specific growth rate (p-I) 
(0C) 
TYE TSB BHI 
4 0.03 0.02 0,03 
10 0.12 0.10 0.09 
15 0.23 0.18 0_19 
20 0.27 0.28 0.30 
25 0.45 0.44 0.43 
30 0.64 0.67 0.68 
35 0.62 0.70 0.70 
37 0.67 0.74 0.81 
40 0.30 0.75 0.93 
42 ------ 0.54 0.63 
45 ------ 0.56 0.72 
47 ------ 0.29 0.41 
50 ------ .. -.. _-- 0.38 
TYE 
79 
32 
7.2 
3.8 
4-l 
2.5 
2.7 
2.7 
1.0 
00 
00 
. 
00 
00 
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A. - Lag phase (h) 
TSB BHI 
102 70 
25 22 
11.4 11.5 
6.5 5.4 
3.1 3.7 
2.4 3.1 
2.1 2.5 
2.2 2.0 
1.3 
-
2.5 
1.5 1.2 
1.9 1.8 
1.7 1.8 
00 1.0 
Table 4-9 Specific growth rate and lag phase of L monocytogenes batch cultures as 
ajUnction of temperature 
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4.2.2 EFFECT OF TEMPERATURE ON p,AND A 
4.2.2.1 Growth rate 
The growth range of a micro organism is characterised by the existence of a temperature 
range within which the growth is possible and outside which no growth is detected. The 
extent of this range depends on the microorganism and other parameters such as the 
composition of the medium, pH, aw etc. Inside the growth range the growth rate increases 
from zero at the minimum temperature limit up to a maximum which occurs at a temperature 
referred to as the optimal growth temperature. Above this temperature the growth rate 
decreases down to zero at the highest temperature limit of the growth range. 
Many models have been proposed to account for the effect of the temperature, some are 
applicable only in the temperature range where the growth rate increases: . 
Square root (Ratkowsky et al .• 1982) .Jji = K . (T - T mm ) 
B I h 'd k ( I h 'd k 1926) 11-_ II~ '(TT-_TTm1n )a e e r" e Be e r" e , r r.y • 
opt mIn 
Arrhenius (Arrhenius, 1889) 
E 
p=A.e RT 
(44) 
(45) 
(46) 
More recently, models able to predict the growth rate through the whole temperature range 
have been published: (Ratkowsky et al., 1983) 
.Jji =K.'(T-Tmm ){1-eK2 '(T-TmaJ.)) (47) 
where: 
K. and K2 = model parameters 
T mm = minimal temperature of growth 
T""x = maximum temperature of growth 
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or Schoolfield et al., 1981: 
Ml'A [1 1) 
p{2S) . ...!.....e R 298 T 
p= ______ ~~29~8L-~----~----~ 
MlL [1 1) MlH [1 1) 
1 R T XL T R T XH T +e +e 
where: 
p{2S) = growth rate at 2S °C 
Modelling 
batch growth 
(48) 
Ml' A = enthalpy of activation of the reaction catalysed by the rate -controlling enzyme (J/mol) 
Ml L = change in enthaIpy associated with low temperature inactivation of the enzyme (J/mol) 
Ml H = change in enthaIpy associated with high temperature inactivation of the enzyme (J/mol) 
R = universal gas constant 
T X H = temperature at which the enzyme is SO% inactive because of high temperature 
T X L = temperature at which the enzyme is SO% inactive because of low temperature 
Other models are available but have not widely been used, these include those of: 
- Hinshelwood (1946) 
- Davey (1989) 
K K Inll=K +_2 +_3 
r' 1 T T2 
- Daughtry et al. (1997) 
90 
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4.2.2.2 Lag phase 
Predicting the effect of temperature on the lag phase duration is particularly important for 
pathogenic food-borne microorganism as foods are often subject to fluctuating temperatures 
during storage, transportation and retailing. The lag phase of a microorganism generally 
decreases as the temperature increases (hyperbolic curve). The same equations used to 
interpolate the growth rate can be used to model the lag phase duration replacing jl with 11 A ; 
i.e. for the Ratkowsky model: 
{l [ K2 . (T -T )J V"i=K,.(T-TnDD ).I-e ""X (52) 
A drawback of this expression is that values at the lower temperatures, where the lag phase is 
longer, lose importance whilst those corresponding to higher temperatures gain importance. 
To overcome this problem (Zwietering et al., 1991) proposed fitting the actual data with the 
reciprocal of the equation, i.e. for the Ratkowsky model: 
(53) 
Simpler hyperbolic expressions to model the effect of temperature on the lag phase duration 
have been proposed by Adair et al. (1989) and Gill et al. (1988) and are as follows: 
K 
InA = ' (54) 
T-K2 
Other parameters have been attributed a role in the duration of the lag phase. These include 
the physiological state of the inoculum in terms of temperature and growth state. Whiting and 
Bagi (2002) formulated a model that takes into account also these parameters: 
InA=K, +K2 ·rprio, +K3 ·Tgmwth +K •• TprlO,2 +K5 .Tg,OW,h2+K6 . TpriO, • Tgmwth (55) 
where: 
Tg,owth = Growth temperature 
Tp"or = Growth temperature of the inoculum 
K, K2 K3 K. K5 K6 = parameters depending on inoculum state (exponential phase, 
stationary, etc.) 
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In this work the effect of temperature on the specific growth rate V-tmax) and duration of lag 
phase (A) was derived using the models of Ratkowsky and Schoolfield. The regression of the 
data to fit the models was performed using the logarithms of the values of data, as this 
particular data transformation gives the best fitting (Alber and Schaffner, 1992). 
So for the Ratkowsky model the equations used were: 
In(.u) = In[ K\ . (T - Tmm){ l-e Kz .(T - T",,,J) J (56) 
In(A) = 1 z =In[Kt'(T-Tmm){I-eKz '(T-T""x))]-Z 
In[Kt'(T-Tmm).(I-eK2 '(T-T""x))] 
(57 a, b) 
and for the Schoolfield model: 
'" M'A [1 1) 
p(25).~.e R 298 T 
In(.u) = In 298 
ML (1 1) MH (1 1) 
1+ R T YzL T R T YzH T e +e 
(58) 
In(A) = --r ______ l_--:--_--:-_~= 
. M' A [1 1) 
P(25).~.e R 298 T 
In M L ( ;98 1 ) M H (1 1 ) 
1+ R T YzL T R T YzH T e +e (59a, b) 
M' A [1 1) 
p(25).~.e R 298 T 
-In 298 
ML (1 1) MH (1 1) 
1+ R T YzL T R T YzH T e +e 
~ 
The parameters for the two models were obtained through data regression using the software 
DATAFIT 7.1 (Oakdale Engineering, USA). 
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The coefficients for the two models are in Table 4-10 and Table 4-11 for the growth rate and 
in Table 4-12 and Table 4-13 for the lag phase duration; values of &l are expressed in 
callmol. 
L. innocua L. monocytogenes 
BID TSB TYE BID TSB TYE 
&l'A 31179 53478 34187 39420 65850 59164 
&lL 77008 77537 153048 71794 106649 167989 
&lH 23082 38868 29242 28044 53411 49138 
~25) 2.12 44.13 3.53 7.6 122.87 92.3 
TIhL (K) 306.68 294.81 310.39 301.15 296.24 301.60 
TlhH (K) 289.49 279.53 289.23 281.69 280.46 279.89 
Table 4-10 Schoolfield model coefficients for the specific growth rate 
( 
L. innocua L. monocytogenes 
BID TSB TYE BID TSB TYE 
Tmax ("C) 50.84 53.67 47.11 55.43 51.39 42.48 
Tmi. ("C) -2.61 -1.93 -2.59 -2.98 -1.26 -3.68 
KJ 0.0257 0.028 0.0287 0.0249 0.0266 0.0239 
K2 0.1588 0.1195 0.2414 0.1083 0.1278 0.3028 
Table 4-11 Ratkowsky model coefficients for the specific growth rate 
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L. innocua 
BIll TSB 
&l*A 51356 47243 
&lL 39758 1062874 
&lH 39758 36923 
~25) 12.39 3.36 
TIhL (K) 284.38 318.77 
TlhH (K) 284.39 288.31 
TYE 
48257 
35233 
986702 
11.43 
281.09 
316.36 
BIll 
35729 
28831 
28831 
1.64 
291.81 
291.81 
Modelling 
batch growth 
L. monocytogenes 
TSB TYE 
36394 41891 
29906 35382 
83684 35382 
1.20 2.69 
291.20 291.16 
310.73 291.16 
Table 4-12 Schoolfield model coefficients for the lag phase 
L. innocua L. monocytogenes 
BIll TSB TYE BIll TSB TYE 
Tmox eC) 87.75 103.93 45.21 176.5 76.79 139 
Tmin eC) 6.22 5.93 -1.40 -2.47 6.11 -1.33 
KJ 0.917 0.3057 0.0221 0.0189 0.4374 0.0204 
K2 0.00057 0.0015 4.82 0.0178 0.0014 0.0281 
Table 4-13 Ratkowsky model coefficients for the lag phase 
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Application of both the Ratkowsky and Schoolfield models gave acceptable fits for the 
experimentally determined values of f1max between 4 and 50°C for both L. monocytogenes 
and L innocua growing in all three media. However, values of the R2 (Fisher) parameter, 
which indicates goodness of fit, for the Ratkowsky model were either lower than or equal to 
those obtained using the Schoolfield model. Consequently, only the results obtained using the 
Schoolfield model are shown in Figure 4-6 and following for, respectively, BID, TSB and 
TYE. Values of the R2 parameter are shown in Table 4-14; the lowest values of R2 obtained 
using the Schoolfield model was for growth in BID. 
The Schoolfield model provided good fits to lag phase measurements (Figure 4-9 and 
following). Greater disparities were revealed between the Ratkowsky and Schoolfield models 
than was previously the case for growth rate data. The former gave relatively poor fits, 
particularly at lower temperatures where lag phases are longer and precise estimates more 
critical. More specifically, the Ratkowsky model predicted minimum growth temperatures in 
excess of those for which experimental evidence of growth had been obtained (L innocua in 
BID and TSB, and L monocytogenes in TSB); in others (L innocua in BID and TSB, and L 
monocytogenes in BID and TYE) the higher temperature limit is above 100°C. 
Moreover, the proposal ofZwietering et al. (1981) that the inverse of equation (56) be used to 
fit lag phase data leads to a discontinuity at T miD because A tends to infinity. However, at 
temperatures either side of T min, the model predicts finite yalues of A (see Figures in 
Appendix 1). The calculation of R2 values (Table 4-14) and the regression technique used 
here included these values and this explains the relatively high R2 values when there is a clear 
disparity with the experimental values. This mirror-kind effect could be avoided 
incorporating the following condition in the regression procedure: TmiD < 4 °C (which is the 
lowest temperature where growth was detected). However the software DATAFIT does not 
contain this feature. 
The Schoolfield models yields 6 parameters, 5 of which are readily interpretable as energy 
involved in the enzymes reaction (MI), and TII2L and T lI2H, these are the temperatures in K at 
which the enzyme population of the cells is half active and half inactive; TII2L measures low 
temperature inactivation, and TII2H high temperature inactivation. These values are shown in 
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Table 4-10 and Table 4-12. Both parameters are similar for L monocytogenes and L innocua 
when growing in either BHI or TYE but differ markedly for TSB medium. 
L monocytogenes L innocua 
BHI TSB TYE BHI TSB TYE 
I1max Schoolfield 0.987 0.992 0.993 0.996 0.997 0.997 
I1max Ratkowsky 0.981 0.992 0.989 0.986 0.994 0.995 
A. Schoolfield 0.979 0.991 0.948 0.976 0.990 0.914 
A. Ratkowsky 0.976 0.969 0.936 0.903 0.975 0.906 
Table 4-14 R! values/or growth rate and lag phase fitting with Ratkowsky and 
Schoolfield model 
96 
Listeria innocua - Growth and 
BiofiIm formation by Stefano Pemi 
Modelling 
batch growth 
1.2 
1.1 
1.0 
0.' 
? ~ 
0.8 
" 
0.7 
e 
i 
!1. 
0.' 
~ 0.' I 
'" 
0.' 
0.3 
O~ 
0.1 
0.0 
0 
12 
1.1 
1.0 
0.8 
.... 0.8 
~ 
" e 
0.7 
i 
!1. 
0.' 
t o. 
CfJ 0.4 
.3 
0.2 
0.1 
0.0 
0 
• L.lnnocua 
• L~OQ608S 
-- L Innoous_ 
- •• - L. monocytogsnes SchooIffe/d 
• 10 15 20 35 
• 
• 
'0 4S 
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4.2.3 DISCUSSION 
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Duh and Schaffner (1993) had previously compared the growth of antibiotic resistant strains 
of L innocua and L. monocytogenes in BID only, over the temperature range 2 to 46 °C. 
They found that at temperatures above 42 °C L. monocytogenes grew faster than L. innocua 
and this confirms the findings reported here. Duh and Schaffner (1993) obtained values of 
, 
I'mox simply by evaluating the slopes of plots of cell number against time during the 
exponential phase. In contrast, in this work our growth parameters were obtained by the more 
rigorous approach of employing regression techniques to fit the experimental data to a growth 
model. 
MacDonald and Sutherland (1994) compared the growth of L. innocua and L. monocytogenes 
at 30 °C in TSB medium and found that the two species had doubling times of 50.1 and 54.5 
minutes respectively based on viable counts determinations. The result reported here of 52 
and 62 minutes are similar to theirs whilst being based on absorbance readings. In more 
recent work, Cornu et al. (2002) published growth rates of different strains of the two listerial 
species of interest here in several enrichment broths and BID at 30 °C. L monocytogenes 
Scott A had a doubling time of 42 min which was similar to the value of 43.7 min for L. 
innocua. The values obtained in this work at this temperature were respectively 61.2 and 54 
min. The strain of L innocua used here differed from theirs but more significantly, they 
obtained their values of doubling times by simple linear regression of absorbance data rather 
than the more advanced regression techniques employed here. 
Duh and Schaffner (1993) reported that the lag phase of L. monocytogenes was longer than 
that for L innocua below 8 °C, whereas the opposite was found and that in fact the duration 
of the lag phase of L innocua is longer at temperatures below 6 °C. These differences may be 
due both to disparities in preparing inoculum for experiments and in the manner of estimating 
the lag phase. The approach adopted in this work of using an inoculum prepared at a constant 
temperature eliminates some of the modelling difficulties identified by Whiting and Bagi 
(2002). Moreover, our values of 'J,. were obtained as regression parameters in the Baranyi-
Roberts model, whereas Duh and Schaffner (1993) used the definition of t... first proposed by 
Broughall et al. (1983). 
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In modelling growth rates, Duh and Schaffner (1993) reported that the Schoolfield model 
yielded better fits than the square root model for L. innocua but not for L monocytogenes. 
The simpler, 2 parameters, square root model (Ratkowsky et al., 1982) is an earlier precursor 
of the model employed here and which is referred to as the 'Ratkowsky model'. It was found 
here that the Schoolfield model gave better fits in all cases. Duh and Schaffner (1993) also 
claimed that the 2-parameters model fitted the lag phase better than the Schoolfield model. 
However, unrealistic predictions were obtained with the Ratkowsky model for the lag phases 
at low temperatures. Similarly poor predictions obtained using this model for a wide variety 
of organisms was reported by Adair et al. (1989) who also resorted to the Schoolfield model. 
The growth parameters cited here were based on measurements of absorbance and the 
validity of this approach has previously been widely investigated by a number of workers 
(Dalgaard et al., 1994; Begot et al., 1996; Augustin et al., 1999; Dalgaard and Koutsoumanis, 
2001; Baty et al., 2002). The consensus is that the use of data obtained in this way is 
acceptable provided that certain precautions are observed. In particular, Dalgaard and 
Koutsoumanis, 2001 cautioned that that lag phase determinations were particularly prone to 
unreliability if initial cell concentrations below the detection threshold of spectrophotometer 
were employed. The initial cell concentration used in these studies determined by viable 
counts was consistently of the order of 1'107 cfU/rnl and in excess of that recommended by 
these authors; this value does not affect the growth rate as reported by Nerbrink et al. (1999). 
No attempt was made to obtain growth parameters for either of the two Iisterial species at 
their minimum growth temperatures (T min). Estimates of the latter can be made on the basis of 
extrapolations using mathematical models as Tienungoon et al. (2000) and Le Marc et al. 
(2002) have shown. Employing different models Tienungoon et al. (2000) obtained values of 
Tmin of 0.4 °C for L. monocytogenes and Le Marc et al. (2002) - 4.5 °C for L innocua. The 
Schoolfield model does not yield predictions of T min, but applying the Ratkowsky model to 
our data gave values of approximately -2°C for both organisms. However, whilst useful as 
an indication of the lower limit of growth, such estimates are unlikely to gain as much 
credence as experimentally based determinations. 
The greatest disparity in growth rates between L. monocytogenes and L innocua was 
revealed in TYE (Figure 4-8). This medium contains fewer complex ingredients than either 
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BHI or TSB and the relatively low rate of increase in the growth rate at temperatures above 
about 25°C for L. monocytogenes compared to that for L. innocua, suggests that the former 
might increasingly be experiencing growth factor or other nutrient deficiencies. Interestingly, 
Tsai and Hodgson (2003) found that a minimal medium of their own formulation supported 
the growth of L. innocua ATCC 33090 (the strain employed here) but not that of L. 
monocytogenes Scott A at 30°C. However, an alternative explanation for the attenuated 
increase in growth rate compared to L. innocua is that L. monocytogenes is being inhibited by 
one or more factors present in TYE. 
Begot et al. (1997) compared some 66 strains of L. monocytogenes and L. innocua and 
classified them into five distinct groups according to the duration of their lag phases and 
maximum growth rate displayed under different combinations of temperature (10-37 0c), pH 
(5.6-7.0) and aw (0.96-1). On this basis L. monocytogenes Scott A was clustered with the 
· majority (80%) of L. innocua strains. However, they did not specifically examine the strain of 
L. innocua employed here (ATCC 33090) and moreover, the temperature range investigated 
was narrower than that investigated here. Vaz-Velho et al. (2001) implicitly assumed a close 
similarity between L. innocua and L. monocytogenes in selecting the former with which to 
· conduct their modelling studies. Whereas Meylheuc et al. (2002) reported significant 
differences between the surface properties of cells of the two species which affect adhesion to 
solid surfaces. 
· The goodness of fit for each model does not depend on the meaning of the parameters; 
equations can be reparameterised without altering the prediction properties. 
If the model is used to estimate experimental parameters it is essential that the meaning of the 
coefficient is fully known. The results obtained here show that two models widely used in 
microbiology predictions use the same symbol for two similar quantities. The Baranyi-
Roberts model can be used to estimate the maximum growth rate base on two different 
~ . 
definitions; the value of growth rate at infinite dilution is equivalent to the Jlmax coefficient of 
the model, while the growth rate through the inflection point of the growth curve is the 
definition implied in the Gompertz model for the maximum growth rate. We obtained an 
equation to use the Baranyi-Roberts model to estimate this former value and we proved that 
the growth rates based on those two different definitions can be substantially different. If a 
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comparison of the growth rates obtained through different models is to be done, it is 
necessary to compare values indicating the same property. 
The growth properties of L. monocytogenes and L. innocua were modelled with both the 
Ratkowsky and Schoolfield models and the results presented here reveal differences in 
fundamental growth rate and lag phase over a substantial portion of the growth range of the 
two microorganisms. The data presented here, particularly for growth in TYE at high 
temperatures, also hints at the possible existence of growth factor or other nutrient limitations 
for L. monocytogenes in certain media during growth at high temperatures. The question of 
whether L. innocua can act as a surrogate for L. monocytogenes can never be answered with 
absolute authority and will depend on the intended application. On the basis of the findings 
reported here caution is urged in all circumstances where the effects of temperature are likely 
to be significant. 
4.2.4 CONCLUSION 
L. innocua and L. monocytogenes were grown in TS, BID and TYE at temperatures ranging 
from 4 to 50 DC and the Baranyi-Roberts model was used to fit the growth curves in order to 
obtain values of Pmax and A.. The Ratkowsky and Schoolfield models were used to fit growth 
rate and duration of lag phase upon temperature. 
Anomalies were discovered in the'way the Pmax coefficient of the Baranyi-Roberts model was 
correlated with the slope of the growth curve. This maximum growth rate does not represent 
the slope of the growth curve through the inflection point but the results shown here 
demonstrate that the first derivative of the Baranyi-Roberts model can be used to evaluate this 
different growth rate yielding to values similar to others obtained using the Gompertz and 
logistic models. 
The two Listeria species exhibited different growth characteristics in all the three media 
throughout the temperature range examined here; accordingly some doubts should 
accompany the use of L. innocua as a suitable surrogate for L. monocytogenes. 
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CHAPTER 5: BIOFILM FORMATION 
5.1.1 INTRODUCTION 
The majority of previous biofilm studies reported in the literature have been conducted under 
static conditions or with flows at low Reynolds number (Re) and often using transparent 
materials such as glass or plastic (Stoodley et al., 1998; Chavant et al., 2002). Although these 
studies have given useful insights into the biofilm formation processes they are not 
representative of conditions in food industry where flows are generally turbulent (Le. high 
Re). Moreover in the food industry, glass, favoured in many biofilm studies, is almost never 
used (breakage could result in the contamination of food and cause the process to stop) but 
rather stainless steel. 
Earlier studies have shown that biofilm formation could be detected by measuring the 
increase in the pressure drop across a tube through which was recirculated a suitable 
microbial suspension (Pujo and Bott, 1991; Lewandowsky and Si6odley, 1995). A test rig 
capable of operating under turbulent flow conditions and made of stainless was assembled for 
monitoring biofilm formation through on line pressure drop measurements across four tubes 
has previously described in § 3.12. Because biofilm formation occurs over a period of time 
measured in days, before initiating experiments with L innocua it was decided first to test the 
sensitivity of the pressure transducers by bringing about abiogenic precipitation on the inner 
surface of the test pipes. A number of attemps to achieve this are described in this chapter. 
All attempts were carried out using only one of the four tubes. In the first attempt gelatin 
solution maintained at 50°C was circulated through the test tube, the outer wall of which was 
cooled using an ice jacket. Solidification of the gelatin in the lumen of the tube would result 
in a decrease in the flow area and hence an increase in the pressure drop across the tube. In 
the second experiment skimmed milk supplemented with 5 % casein was recirculatedthrough 
the tube which was maintained at an elevated temperature by means of heating tape which 
was wound around the outside of the tube. The last series of experiments of this type 
involved the use of a simulated milk ultra filtrate (SMUF) solution as recommended by 
Andritsos et al. (2002). 
Following these preliminary experiments, runs were conducted using microbial suspensions. 
These were conducted as explained earlier by continuously feeding the system with cells 
104 
listeria innocua - Growth and 
Biofilm formation by Stefano Perni 
Biofilm 
formation 
from the chemostat. Bacillus subtilis was used first because it was a known biofilm former 
(Sharma and Anand, 2002) and because it was a Category I microorganism. This was 
followed by experiments with L. innocua. The intention with this bacterium was to compare 
biofilm formation over the temperature range 6 to 30°C and, as a preliminary to the biofilm 
experiments, L. innocua was cultured in a chemostat over this temperature range in order to 
obtain information on its behaviour under these conditions. In addition to monitoring the 
pressure drop, samples of the stainless steel tubes were cut and prepared for SEM analysis. In 
this latter experiment the effect of Re in the range 9,500-16,500 on biofilm formation was 
examined for periods of time up to 7 days. 
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As already mentioned in the Introduction, the first experiments were conducted using gelatin. 
The vessel located in between the chernostat and the pipe assembley (Figure 3-6) was filled 
with a 1 % w/v gelatin solution and maintained at a temperature of 50°C in order to prevent 
the gelatin from setting. Deposition of gelatin in the lumen of one of the test tubes was 
intended to be achieved by cooling the outer tube wall using ice whilst isolating the other 
three tubes by closing the appropriate regulating valves (Figure 3-6). The tube was jacketed 
with a polypropylene tube 40 cm long with a diameter of 6 cm, this was sealed around the 
test tube with a plastic bung (Figure 5-1). The water from the melted ice in the jacket was 
periodically drained and the ice replaced. In this experiment the flow velocity was 0.8 mls. 
0 ~ 
.0 
" oD ::l a ..... Ice ..... 
-~ ell ~ ~ 
Rubber bung 
"" Drain 
Figure 5-1 Schematic diagram o/the rig modified/or gelatin deposition 
Data 
acquisition 
card 
This approach did not result in a detectable pressure drop owing to a combination of low heat 
transfer area and Iow residence time in the tube. 
The second attempt at detecting changes in pressure drop across the test tube involved the 
recirculation of skimmed milk supplemented with casein. On this occasion the intermediate 
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vessel shown in Figure 3-6 was filled with skimmed milk and one of the tubes was heated by 
means of heating tape wrapped around the exterior of the tube, the temperature of the external 
wall was monitored with a thermocouple and adjusted with a rheostat. In this experiment the 
flow velocity was 0.8 rn/s, the external wall temperature was 120°C and the water bath 
temperature in which the vessel was situated was 45°C. 
Thermocouple 
! It{ 
Data 
acquisition 
card 
Figure 5-2 Schematic diagram a/the rig modified/or skimmed milk circulation 
The pressure drop trace is given in Figure 5-3. The figure shows considerable fluctuations in 
the pressure drop readings over a period of 6 hours, however by smoothing the data an 
upward trend in pressure drop is discernable. As milk is a perishable product, it was not 
possible to conduct experiments over a longer period of time. 
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Figure 5-3 Pressure drop increase due to precipitation from milk 
In the final series of experiments not involving bacteria a mineral solution was chosen to 
allow a longer running time thus enabling the detection of a more appreciable pressure drop. 
Calcium phosphate fouling is common in the milk processing industry (Andritsos et al., 
2002) and laboratory studies of this process are normally performed using a solution that 
mimics the salts composition of the milk, this solution is referred to as "SMUF' (simulated 
milk ultra filtrate) and its formulation was initially described by Jenness and Koops (1962). 
SMUF solution was circulated in one of the four stainless steel tubes in the biofilm apparatus 
(Figure 5-4). As pH plays a role in the deposition rate (Andritsos et al., 2002), it was 
controlled at 6.2 by adding HCl 1 m01ll or NaOH 1 m01ll; the pH probe (Broadley-Jarnes 
Corporation, Irvine, CA, USA) was connected to a pH controller (FI' Applikon, Gloucester, 
UK). The SMUF solution was fed at a rate of 1 l/h resulting in a flow velocity of 0.9 mls, the 
pH was kept at 6.2, the external wall temperature was 120°C and the water bath temperature 
was 45 cC. 
The result of this test is shown in Figure 5-5. As with the milk, considerable fluctuations in 
the signal are evident but by smoothing the data an upward trend is evident. The pressure 
drop increased throughout the run, particularly during the first 24 hours. Following this the 
rate decreased, this was probably due to a reduced heat transfer coefficient caused by the 
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phosphate deposition. The initial pressure drop was about 2.7 psi and after 48 hours a 
pressure drop of about 3.5 psi was reached. 
The fluid velocity in equation (1) can be expressed as: v = ~2 /4 where Q is the flow rate. 
Hence the pressure drop is: 
(60) 
Assuming that the increase in pressure drop is only due to a decrease in the diameter caused 
by the deposition, equation (60) can be rearranged in: 
(61) 
substituting the values of pressure drop a t = 0 and after 48 hours, equation (61) gives an 
inside diameter of the tube of 0.95 cm. This is equivalent to a deposited layer having a· 
thickness of 250 11Ill. 
. RecirculatioD loop 
-~ 
] 
pH probe J • • 
f ~ 
Water bath 
Pcrislaltic pump 
SMUF solutions tanks 
Celllrifu,al pump 
Figure 5-4 Schematic diagram of the rig modified for SMUF circulation 
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Figure 5·5 Pressure drop caused by calcium phosphate deposition 
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5.2 B. SUBTILIS ATTACHMENT 
As the test rig was shown to be suitable for detecting increases in pressure drop, the apparatus 
was tested with B. subtilis which was previously reported as capable of establishing biofilm 
on a range of different materials (Sharma and Anand, 2002). 
A suspension of B. subtilis ATCC 6633 grown in Tryptone Soy Broth at 30°C in the 
chemostat (D = 0.015 h·t ) was used to test the rig whilst the biofilm was established on a poly 
polystyrene tube; this was used to enable the biofilm to be observed visually. The experiment 
resulted in a rise in the pressure drop which reached a maximum at 1.3 days after which the 
pressure drop rapidly declined to a value identical to that seen at the beginning of the 
experiment. No visible biofilm was observed over this period (Figure 5-6). The experiment 
was repeated but this variation in pressure drop was not observed (Figure 5-7) and the 
pressure drop remained constant at the initial value. Hence it must be concluded that the first 
result was an artifact. 
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Figure 5-6 Pressure drop profile during the circulation of a suspension of B. 
subtilis in a polystyrene tube (first experiment) 
A third experiment was conducted under conditions identical to those described above in 
which a suspension of B. subtilis was recirculated through the stainless steel tube (fluid 
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velocity of 1 m1s and temperature 30°C. After 5.5 days no appreciable pressure drop increase 
was evident (Figure 5-8). However, observation of the inside tube wall through SEM 
revealed that the surface was almost completed covered by a well developed biofiIm (Figure 
5-9). 
~ • • 
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Figure 5-7 Pressure drop profile during the circulation of a suspension of B. 
subtilis in a polystyrene tube (second experiment) 
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Figure 5-8 Pressure drop profile during the circulation of suspension of B. subtilis 
in stainless steel tube 
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Although it was not possible to detect the presence of the B. subtilis biofilm, by measuring 
changes in pressure drop, it was decided to conduct experiments with L innocua as it 
remained a possibility that the latter might produce thicker biofilms. 
Figure 5-9 B. subtilis biofilm after 5.5 days of development 
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This work was conducted as a preliminary to the biofilm experiments in order to determine 
the range of dilution rates at which L innocua was able to grow at temperatures of 6, 15 and 
30 C. In addition to these experiments, the bacterium was cultured at a single dilution rate of 
0.025 h·t at temperatures of 37 and 45°C. In all cases the chemostat was operated at the 
following conditions constant: air flow = 1,300 cm3/min; impeller speed = 200 rpm and pH = 
7.0. The OD600 of the outlet stream was checked twice a day with an interval between 
readings of at least 7 hours to establish when the steady state had been reached. This was 
deemed to have been attained when there was no significant difference in the optical density 
readings made in the same day and after five volume throughputs of medium. In addition L 
innocua was also cultivated at 45°C and 37 °C at the single dilution rate of 0.025 h·t • 
The results of continuous cultures at 6, 15 and 30 OC at dilution rates ranging from 0.025 to 
0.25 h·t are shown in Figure 5-10 to Figure 5-12. 
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Figure 5-10 Optical density and glucose concentration during the continuous 
cultivation of Listeria innocua at 6 °C 
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cultivation of Listeria innocua at 15 ·C 
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cultivation of Listeria innocua at 30 ·C 
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Temperature 
(0C) 
6 
15 
30 
37 
45 
OD600 
0547 
0_855 
0.695 
0.550 
0.297 
Cell count x 10-9 
(CFU/ml) 
1.5 
4.9 
6.0 
2.9 
0.8 
Residual Glucose 
(mgll) 
55 
45 
64 
53 
74 
Biofilm 
formation 
Table 5-1 Characteristics of continuous cultures of L. innocua at D = 0.025 h-I at 
various temperatures. 
The concentration of glucose in the outlet increases when the dilution rate increases, at the 
same time the cell concentration decreases. This is in agreement with the Monod growth 
model of a chemostat (section 3.2.3). Although the critical dilution rate was not determined, it 
is clear, from the available data, that the value increases with increased temperature from 6 to 
30°C_ 
Table 5-1 shows a comparison of all the data obtained at a dilution rate of 0.025 h-t over the· 
extended temperature range 6 to 45 DC. The medium supports growth of the organism over 
the entire range of temperatures examined, however it is clear from both the optical density 
and cell count data that the optimum growth temperature for L innocua lies in the vicinity of 
30 DC - a value which is corroborated by the batch cultivation experiments described in 
section 4.2. 
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5.4 LISTERIA INNOCUA BIOFILM 
FORMATION UNDER TURBULENT FLOW 
CONDITIONS 
5.4.1 INTRODUCTION 
In this section are described experiments on biofilm fonnation by L innocua at different Re. 
Because the biofilms fonned by B. subtilis were of insufficient thickness to cause a pressure 
drop measurable by the arrangement of transducers employed here, it was decided to examine 
the lumens of the stainless steel tubes by SEM for signs of biofilm in addition to continuously 
monitoring the pressure drop across the tubes. 
The medium used for the experiment was Tryptone Yeast Extract (TYE) but, in order to 
reduce the risk of contamination, because certain elements of the apparatus could not be heat 
sterilized, the concentration of NaCl was increased from 0.2 to 1.5 % w/v. 
The chemostat was operated at a temperature of 30°C and a dilution rate of 0.015 hot. This 
gave an outlet cells concentration of 7.4x109 CFU/rnI which was equivalent to an OD600 of 
1.03. The glucose concentration at steady state was 12 rng/!. The velocities in each of the 
tubes were 0.95; 1.15; 1.30; 1.65 rnIs which correspond to Re, respectively, of 9,500; 11,500; 
13,000 and 16,500. 
5.4.2 RESULTS 
The pressure drop profiles across the tubes are shown in Figure 5-13 but no significant 
increase in .6.p was detected at any of the flow rates. 
The development of the biofilm at Re ranging from 9,500 to 16,500 was investigated by 
taking SEM pictures of the inside of the tube after 1, 4 and 7 days by the method described in 
§ 3.13. The images (Figures 5-14 to 5-25) of the biofilm show that the fluid velocity 
dramatically affects both the number of cells attached on the surface and the structure of the 
biofilm. 
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Figure 5-13 Pressure drop profiles during the circulation of a suspension of L 
innocua 
The inner surface of the tubes sections revealed the presence of linear grooves (arrows in 
Figure 5-16c) and other surface imperfections (arrows in Figure 5-17d), these features 
contribute to the roughness of the surface and they play a role in the biofilm development as 
will be discussed below. 
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Remarkably, L. innocua had attached to the surface at Re = 9,500 after only 1 day (Figures 5-
14a to d). Figure 5-14a shows that this attachment occurred mainly in vicinity of the grooves 
present on the tube surface, with small clusters of cells being present on the smoother 
portions of the surface. Two such clusters are highlighted by circles in Figure 5-14b and d. 
Some of the attached cells appear to be dividing as their shape is elongated (see e.g. arrows in 
Figure 5-14c and d). Increasing the Re to 11,500 led to fewer cells being bound on the 
surface after the same period of time with cells now present only inside the surface grooves 
(Figures 5-15a to d). At Re = 13,000 after 1 day the surface was colonized by only few cells 
attached in microcolonies (Figures 5-16a to d), whilst at Re = 16,500 after the same period of 
, 
time only single cells were visible on the surface, as indicated by arrows in Figures 5-17b and 
c. At these flow conditions the surface was mainly clear of Listeria cells (Figures 5-17a to d). 
The cells almost completely covered the surface after 4 days at the low Re of 9,500 (Figures 
5-1Sa to d). The images show areas well covered by cells but still reveal areas where only 
single cells or microcolonies were present (Figure 5-1Sb and c). At the higher Re of 11,500 
after 4 days biofilm appeared well established (Figure 5-19a and d) with some zones where 
only single cells had bound the surface (Figure 5-19b and c). The biofilm after the same 
period of time produced by L innocua at Re = 13,000 appear to be composed principally by 
clusters of cells concentrated around the surface grooves (Figures 5-20a to d). Similar 
structures were noticed in the samples grown at Re = 16,500 (Figures 5-21a to d). 
The biofilms established at the low Re of 9,500 showed increased surface coverage at 7 days 
compared to 4 days (Figure 5-22a, c, d), but some areas still appeared free of cells (Figure 
5-22b). Similar images were obtained from the samples at Re = 11,500 (Figures 5-23a to d). 
L innocua formed a biofilm that appeared to be more spatially organized after 7 days than 
after 4 days when the Re was 13,000 (Figures 5-24a to d). After 4 days the attachment was 
evident mainly in the grooves, but after 7 days the biofilm has spread beyond these surface 
imperfections. Interestingly, Figure 5-24d shows a sort of bridge established by the cells 
linking the two sides of a surface groove. The biofilm established after 7 days at Re = 16,500 
was very similar to the one observed after 4 days with only cells present in the valley of the 
inside wall (Figure 5-25a, d). However, after 7 days, the cells had formed bigger clusters 
(Figure 5-25b, c). 
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The chance of contamination was high as it was not possible to steam sterilize all the 
components in contact with the bacteria suspension due to size and electronic components as 
previously discussed, hence a high NaCl concentration (1.5 % w/v) was used to reduce the 
risk of contamination. Samples taken during the run did not reveal the presence of 
contaminants: all the images shows ceIls similar in shape and size with some evidently in the 
process of doubling (Figure 5-22c and Figure 5-25c) indicating that the ceIls attached were 
viable and growing. 
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Figure 5-14 L. innocua biofilm after 1 day 01 Re 9,500 
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Figure 5-15 L. innocua biofilm after 1 day at Re 11,500 
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Figure 5-16 L. illllOClla biofilm after j day at Re j 3,000 
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Figure 5-17 L. innocLla biofilm after 1 day at Re 16,500 
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Figure 5-18 L. innocua biofilm after 4 days at Re 9,500 
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Figure 5-19 L. innocua biofilm after 4 days at Re 11,500 
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Figure 5-20 L. inllocua biofilm after 4 days at Re 13,000 
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Figure 5-21 L. innocua biofilm after 4 days al Re 16,500 
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Figure 5-22 L. innocua biofilm after 7 days at Re 9,500 
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Figure 5-24 L. innocua biofilm after 7 days at Re 13,000 
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Figure 5-25 L. innocua biofilm after 7 days at Re 16,500 
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The techniques developed here enabled samples to be removed from stainless steel tubes 
without causing obvious damage to the attached biofilms. Using these techniques we were 
able to demonstrate that L. innocua is capable of establishing biofilms in turbulent flow 
conditions at Reynolds numbers up to 16,500. 
The question of whether listerial species can form biofilms was until recently one that had not 
been resolved. Kalmokoff, et al. (2001) claimed that L monocytogenes does not form true 
biofilms but merely adheres to surfaces, and most of the visual evidence of surface 
colonisation published before 2001 would appear to support this view. However, Marsh et al. 
(2003) provided convincing evidence to the contrary by publishing SEMs of biofilms 
produced by L monocytogenes. The studies reported here are the first to demonstrate biofilm 
formation by a listerial species under flow conditions and at Reynolds numbers that are 
industrially relevant. 
There have been only few previous studies relevant to the food industry performed at such 
high Reynolds numbers. Pujo and Bott (1991) operated with Reynolds numbers up to 16, 800 
and Lewandowsky and Stoodley (1995) examined turbulent flows with Reynolds numbers as 
high as 20,500. In both cases these studies were performed with Pseudomonas. 
Lewandowsky and Stoodley (1995) measured the effect of biofilm formation on pressure 
drop in pipes and claimed that the pressure drop can double over a period of 25 days. 
Biofilms are often associated with exopolysaccharide (EPS) which is thought to play a role in 
surface attachment (Stoodley et al., 1999). In general, the SEM images presented here do not 
reveal unambiguous EPS formation. Fine strands that might be constituted of EPS are visible 
in the biofilms at 7 days at the lowest Reynolds number (Figure 5-22). Similarly, SEMs of 
biofilms of L monocytogenes presented by Chavant et al. (2003) did not show the presence 
of EPS matrix. The samples preparation for SEM requires a dehydration stage, which could 
result in a reduction of the EPS volume down to only 1 % of the original volume (Fisher et 
al., 1988). However Borucki et al. (2003) applied the same protocol we adopted and they 
reached the same conclusion of Kalmokoff, et al. (2001), who replaced the critical point 
drying with a chemical drying using hexamethyldisilazane to preserve to matrix structure, 
claiming the L. monocytogenes produces very little EPS. 
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Preliminary experiments (not reported here) conducted in the absence of NaCl in the growth 
medium led to rapid contamination of the mixing vessel and of the biofilms that formed on 
the stainless steel tubes. Supplementing the medium with NaCl at 1.5 % was successful in 
eliminating contamination in the mixing vessel. Figure 5-18c and d, Figure 5-22c and Figure 
5-23c reveal the presence of small numbers of cells with distinctive morphologies. As 
previously stated, it is possible that these are contaminants. However, there is an alternative 
explanation for the presence of these cells: Zaika and Fane1Ji (2003) applied stresses to 
growing cultures of L monocytogenes by manipulating the growth temperature and the 
concentration of NaCl added to cultures. These workers were able to achieve elongations of 
between 4 and 10 times the length of unstressed cells, and also a shortening of cells. The 
stresses imposed on L. innocua cells attached to stainless steel surfaces in this work are not so 
readily identified. However, the prevailing conditions were those of constant high 
hydrodynamic shears and it is not inconceivable that this might have manifested itself in 
changes to the cell morphology of a certain sub population of celis. 
The results obtained here cast doubt on the 'rule of thumb' widely quoted in industry that 
velocities of 1 mls are sufficient to prevent biofilm formation (pujo and Bott, 1991). It was 
earlier mentioned that biofilm formation carries with it the chance of contamination. Many 
of the techniques currently being advocated for the decontamination of the surfaces of foods 
or processing plant such as UV (Gardner and Shama, 2001) or cold plasma treatment 
(VJeugels et al., 2005) would benefit from an ability to conduct large scale trials under 
realistic conditions inside food processing facilities. However, such studies could only be 
undertaken if it could be guaranteed that public health would not thereby be compromised. 
Moreover, there is a considerable amount of interest in the elimination of L monocytogenes 
from food processing environments (Carpentier and Chassaing, 2004) but studies of the sort 
advocated above with this bacterium would not be possible because of the containment 
requirements that are demanded in most industrialised countries. Indeed, we were not able to 
repeat the experiments reported here with L monocytogenes because we were unable to 
provide the necessary containment necessary for the industrial pumps and valves we used. 
L innocua has been used as a surrogate for L monocytogenes sometimes with little or no 
stated justification (Wouters et al., 1999) or on the basis that both organisms were similarly 
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resistant to tetracycline, ozone and the bacteriocins produced by Carnobacterium spp., (Vaz-
Velho et al., 2001). In addition, both organisms have been shown to have a similar 
susceptibility to antibiotics and heavy metals (Margolles et al., 2001) and to have similar 
responses to heat treatment, gamma irradiation, lactic acid and sodium nitrite treatment 
(Kamat and Nair, 1996). The lone voice of dissent would appear to be that of Meylheuc et al. 
(2002) who concluded on the basis of microelectrophoresis and physicochemical surface 
characterization tests based on microbial adhesion to solvents that the two organisms were 
dissimilar to the extent that L. innocua should not be used as a substitute for L. 
monocytogenes. 
Notwithstanding, both species have been shown to occupy identical niches in food processing 
plants (Gudbjornsdottir et al., 2004) and on a variety of foods (Duffy et al., 2000; Cornu et 
al., 2002). Therefore, the finding that L. innocua forms biofilms on a material widely-used in 
the food industry under conditions generally regarded as preventing film formation evidently 
must at the very least increase the possibility that L. monocytogenes also possesses similar 
biofilm-forming abilities under conditions of high Reynolds numbers flow. 
5.4.4 CONCLUSION 
The equipment developed here for on line detection of biofilms was shown to be able to 
detect an increase in Ap across a test pipe caused by the recirculation through it of milk or a 
synthetic fouling solution. 
The equipment for detecting pressure drop was not able to detect the presence of either B. 
subtilis or L. innocua biofilm despite photographic evidence that such biofilms were present. 
Although steam sterilization was not possible, sanitisation of the equipment using a 
commercial biocide and maintaining a high NaCl concentration in the listerial growth 
medium, kept the system free of contamination. 
The work presented here reveals how fluid velocity affects the process of biofilm formation 
process in turbulent flow. Surface imperfections appear to play a key role over the entire 
range of Re examined. 
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It was originally intended to repeat the biofilm formation experiment at temperatures of 6 and 
15°C. However, it proved impossible to maintain these temperatures consistently due to the 
high thermal input of the centrifuge pump and the limited capacity in the apparatus for heat 
removal. 
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CHAPTER 6: PREVENTING ADHESION OF 
L. INNOCUA TO STAINLESS STEEL BY 
CONDITIONING WITH MILK 
6.1.1 INTRODUCTION 
The practices and conditions within food processing facilities have a significant effect on 
food safety; this is particularly so as the trend towards industrialization and centralization of 
food production increases (Meyer, 2003). The safety of a food may become compromised if 
it comes into contact with a surface on which micro-organisms are present (Midelet and 
Carpenter, 2002; Lunden et aI., 2002). The risk of contamination is increased if the micro-
organisms at the surface are present in the form of a biofilm because biofilms often survive 
removal by normal cleaning procedures and also because the cells within biofilms are more 
resistant to disinfectants and sanitising agents than their planktonic counterparts (Norwood 
and Gilmour, 2000). 
Cell adhesion, whether to biotic or abiotic materials, is strongly dependent on the physico-
chemical properties of the surface such as its hydrophobicity and surface charge (pasmore et 
al., 2002). It is however possible to modify or 'condition' a particular surface so as to alter its 
physico-chemical characteristics and therefore affect cellular adhesion. Schneider (1996) 
examined a range of different materials ranging from stainless steel to Perspex, and was able 
to modify the physico-chemical properties of the surfaces of these materials using both 
proteins and other polymers. More specifically, Al-Makhlafi et al. (1994) studied the effect of 
different milk proteins on adhesion of L. monocytogenes to silica surfaces. Treatment with 
bovine serum albumin (BSA) resulted in the lowest number of attached cells, whilst p-
lactoglobulin gave the highest number; a-lactoalbumen and p-casein were intermediate in 
effect. The possibility that components present in milk might be affecting cell viability was 
effectively ruled out by the studies conducted by Speers and Gilmour (1985). Barnes et al. 
(1999) reported that milk coatings applied to stainless steel surfaces were effective in 
preventing adhesion of a number of different bacteria including Listeria monocytogenes, 
Staphylococcus aureus, Escherichia coli and Serratia marcescens. In later work, Barnes et al. 
(2001) used X-ray photoelectron spectroscopy (XPS) to analyse the surface of stainless steel 
treated with milk solutions at various dilutions. These workers found that treatments that 
resulted in an increased concentration of nitrogen at the surface led to a reduction in bacterial 
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adhesion. Rubio et al. (2002) showed that BSA decreased the number of Pseudomonas fragi 
cells binding to stainless steel but not to stainless steel containing chromium. Lactofenin, 
another milk protein, has been reported as reducing bacterial adhesion on materials as diverse 
as hydroxy-apatite (Oho et al., 2002) and meat (Naidu, 2002). 
In previous studies on the effects of surface conditioning on bacterial adhesion, the general 
tendency has been to examine surface treatment at only one set of conditions and bacterial 
exposure for a single contact period - typically 2 hours. In this work we report on the 
treatment of stainless steel coupons with various dilutions of UHf skimmed milk for either 2 
or 24 hours followed by bacterial contact times of 2 and 6 hours at a temperature of 30°C. 
The latter extended contact time and relatively elevated temperature were chosen to initiate 
growth of the test organism, Listeria innocua. We selected L. innocua because it is frequently 
isolated from environmental and food processing sites along with the pathogen L. 
monocytogenes (Samelis and Metaxopoulos, 1999; Rudolf and Scherer, 2001) and also 
because L. innocua may constitute an acceptable surrogate for the latter in decontamination 
trials in food processing facilities (Kamat and Nair, 1996; Vaz-Velho et al., 2001). 
In each figure is shown the percentage of adhesion compared to untreated samples (no milk 
coating prior cell adhesion) with the error bars equal to the standard deviation along with a 
table where the statistical difference of every couple is tested (t-test) and when the data are 
statistically different (p<0.05) they are marked with *. 
6.1.2 RESULTS 
The cells suspension used to carry out the adhesion was obtained as follow: a loopful of cells 
stored at 4 °C on Bm slope was used to inoculate 100 ml of broth media, after 24 hours of 
incubation at 30°C shaken at 130 rpm, 1 ml of this suspension was added at 100 ml of broth 
media. 
After 18 hours of incubation at 30°C shaken at 130 rpm, 10 ml of this suspension (at the 
steady state, according to the growth curve determinated) were placed in Universal 
containing the coupons. The Universal bottles were place in the incubator at 30°C statically 
for the time of the experiment. 
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The first series of experiments was performed to study the effect of different niilk coating 
solutions at 30 °C for 2 or 24 hours on different cells contact time. Figure 6-1 shows the 
number of cells attached after 2, 4 and 6 hours on coupons treated for 2 hours with milk 
dilution ranging from pure milk to 1 to 104• Pure UHT milk or a solution with a milk 
concentration of 10 % v/v reduced the biofiIm about a quarter when the contact time with the 
cells suspension is 2 hours. Milk solutions more diluted were able to prevent significantly the 
biofiIm growth; milk concentration of 0.1 and 0.01 could reduce the cells bound at about 60 
% compared with untreated coupons (Figure 6-1). 
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Figure 6-1 Attachment of L innocua on coupons coated for 2 hours at 30 °C 
Increasing the cells adhesion time to 4 hours showed an increase in the biofiIm; the number 
of cells attached is increased for all the milk solutions tested. Dilutions 1 to 103 and 1 to 104 
did not decrease the cells attached as proved with a shorter contact time (Figure 6-1). All the 
other milk solution showed a decrease of cells on the surface, this effect increases with the 
milk concentration. 
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If the biofilm is allowed to grow for 6 hours the results showed the same pattern; the 
reduction of cells attached was lower than after 4 hours. 
Figure 6-1 also shows that if the coating is performed for 2 hours then milk concentrations 
higher than 1 % v/v must be used to reduce biofilm growth after 6 hours of cells suspension 
contact. Milk concentrations of 0.1 % v/v and 0.01 % v/v were able to decrease the cells 
attached only for a short time (2 hours). 
In Figure 6-2 it can be seen that increasing the coating time to 24 hours has the effect of 
keeping the number of cells attached after 6 hours similar to the result after 2 hours 
throughout the range of milk concentrations used apart the dilution 1 to 104 where an increase 
in the number of cells bound was detected. 
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Figure 6-2 Attachment ofL innocua on coupons coatedfor 24 hours at 30 DC 
The result of 2 hours of cells attachment after different milk adhesion times is shown in 
Figure 6-3 as can be noticed a longer coating time has no affect with pure milk or a dilution 1 
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to 10; with lower concentrations of milk fewer cells are attached to the coupons when the 
milk conditioning is perfonned for 24 hours than 2 hours. 
Increasing the milk coating time to 24 hours had a significant effect in reducing the biofiIm 
growth (Figure 6-4) at all the milk concentrations tested when comparing the outcome after 6 
hours of cells adhesion. 
So prolonging the milk coating time reduces the cells attached when the biofiIm is allowed to 
grow for 6 hours but if the cells contact time is 2 hours the reduction occurs only at Iow milk 
concentrations (Figure 6-3). 
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Figure 6-3 Effect of different coating times on the adhesion of L. innocua on 
stainless steel coupons after 2 hours 
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Figure 6-4 Effect of different coating times on the adhesion of L innocua on 
stainless steel coupons after 6 hours 
6.1.2.2 COATING TEMPERATURE EFFECT 
The temperature effect on milk conditioning was studied keeping constant the coating time 
and cell contact time to be both 2 hours and the results are shown in Figure 6-5. 
The temperature has no significant effect when the treatment is performed with pure milk. If 
the milk concentration is 0.1 % v/v the coating at 4 °C is ineffective. Increasing the 
temperature to 20°C showed a reduction in cells attached but not as high as operating at 30 
°C. 
The highest dilution studied (1 to 104) did not reduce the cells attached if the coating is at 
temperature lower than 30°C; while at 50 °C the number of bacteria bound is higher than at 
30°C. Milk concentrations of 1 % v/v showed similar results for 30 and 50°C, the largest 
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number of cells on the surface is at 20°C while at 4 °C the reduction is between those at at 
20 and 30 °C. 
When the milk coating was done with a solution 10 % v/v of milk, the reduction is highest at 
30°C; at other temperatures the results were slightly lower. 
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Figure 6-5 Temperature effect on 2 hours coating to prevent L. innocua adhesion 
on stainless steel 
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The surface composition of the coupons coated with milk solutions at 30 DC for 2 hours is 
reported in Table 6-1 and for 24 hours in Table 6-2. The concentration of stainless steel 
related elements (Chromium, Iron and Manganese) decreased with milk concentration and 
increased with coating time. The presence of components deriving from milk, such as P, S 
and Ca increased with milk concentration. As untreated coupons did not present nitrogen on 
the surface (Figure 6-7), the percentage of this element was used to evaluate the amount of 
proteins bound to the surface. 
The concentration of nitrogen decreased with milk concentration regardless of coating 
duration, also on untreated coupons nitrogen was un-detectable (Figure 6-7). More 
significantly, with pure milk or a 10 % v/v milk solution, the nitrogen percentage did not 
increase from 2 hours coating to 24 hours. When more diluted solutions were applied more 
nitrogen was detected on the surface after 24 hours than after 2 hours. 
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Correlating the cell adhesion with the amount of surface nitrogen it was clear that a higher 
amount of nitrogen led to fewer cells on the surface (Figure 6-1, Figure 6-2 and Figure 6-6). 
Moreover in the two cases (pure milk and 10 % v/v milk) that led to similar amounts on 
nitrogen on the surface also the reduction in listerial cells was similar (Figure 6-3) after 2 
hours of cell attachment. This similarity was not repeated when the biofilm was allowed 
develop for 6 hours (Figure 6-4). 
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Figure 6-7 XPS spectra of an untreated coupon 
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Element 
(%) 0 
C 61.8 
0 21.4 
N 11.4 
Si 4.4 
Ca 0.65 
Na 0.1 
p 0.2 
S traces 
Cr 
Fe 
Mn 
10.1 
56.9 
27.1 
9.6 
4.1 
0.1 
1.3 
0.7 
Milk dilution 
10.2 10.3 
44.7 42.0 
33.5 37.8 
7.2 7 
14 9.5 
0.35 
0.2 2.3 
1 
0.25 
Biofilm prevention 
with milk 
10-4 
69.1 
21.9 
5.05 
0.7 
1.5 
1.5 
0.15 
Table 6-1 Surface composition of coupons coated with milk solutions for 2 hours at 
30°C 
Element Milk dilution 
(%) 0 10.1 10.2 10.3 10-4 
C 69.5 60.7 60.8 75.1 73.7 
0 18.7 25.2 26 15.9 17 
N 10.4 10.7 9.3 8.2 8.9 
Si 
Ca 0.2 0.2 
Na 0.1 
p 0.7 0.6 0.6 
S traces \ 
Cr 0.4 2.1 2.4 0.8 0.4 
Fe 0.2 0.9 
Mn 
Table 6-2 Surface composition of coupons coated with milk solutions for 24 hours 
at 30°C 
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6.1.2.4 RELA TlON BETWEEN %N AND BIOFILM REDUCTION 
The data for cells reduction are plotted against the surface Nitrogen content in Figure 6-8a 
and b. The relation is linear when the cell contact time is 2 hours regardless of the duration of 
the coating (Figure 6-8 a), however the same relation does not appear linear if the biofilm is 
allowed to grow for 6 hours. In this case also neither of the two coating times used here 
resulted in a clear relation (Figure 6-8b). 
(a) 2 hours cell adhesion on coupons coated for 2 and 24 hours 
(b) 6 hours cell adhesion on coupons coated for 2 and 24 hours 
Figure 6-8 Surface Nitrogen composition vs Biofilm reduction 
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Barnes et al. (1999) were the first to propose the use of skimmed milk as a convenient source 
of proteins for surface conditioning that were devoid of possible complications that might be 
caused by the presence of fats in whole milk. The C:N ratios found in this work at the 
surfaces of the coated coupons were approximately 6:1, which is close to the accepted value 
of 6.4: 1 for proteins. However, the values obtained for the lowest dilution (1 x 104) for 2 
hours conditioning, and for dilutions of 1 in 103 and 1 in 104 for 24 hours conditioning were 
significantly in excess of this value. The reasons for this are not clear as only 5-6 % w/v of 
the nitrogen present in milk comes from sources other than proteins, the majority of this 
being from urea, which is soluble and easily removed during washing (DePeters and 
Ferguson, 1992). Notwithstanding, Barnes et al. (1999) took the surface nitrogen values as a 
direct measure of surface bound proteins. Silicon contamination (as revealed in Figure 6-7) 
has not previously been reported but Barnes et al. (2001) observed adsorption of nitrogen 
from the air onto the surfaces of untreated coupons and Rubio et al. (2002) observed 
'hydrocarbon contamination' when performing XPS analyses on some of their samples. 
Amongst the bacteria investigated by Barnes et al. (1999) was L monocytogenes and these 
workers found that adhesion of this bacterium to stainless steel surfaces was reduced to a 
greater extent than that achieved here with L innocua. Bames et al. (1999) also showed that 
treating the adsorbed proteins with glutaraldehyde promoted bacterial adhesion. They 
concluded that protein chain mobility played a role in preventing bacterial adhesion to 
surfaces as glutaraldehyde promotes crosslinking and thus decreases mobility. 
In later work Bames et al. (2001) found that individual milk proteins differed in the extent to 
which they provided coverage of stainless steel surfaces, with K-casein providing the greatest 
coverage and a:-Iactalbumen the least. In both of these studies only a single form of surface 
conditioning treatment was employed and its effects recorded for exposure to bacteria for 2 
hours only. The decrease in bacterial attachment that was observed here with increasing 
surface nitrogen at the surface of stainless steel is in agreement with the trend observed in 
previous studies (Barnes et al., 1999; Bames et al., 2001). Barnes et al. (2001) showed 
qualitatively that bacterial attachment was related to the concentration of proteins at the 
surface of stainless steel as revealed by XPS and atomic force microscopy, but they did not 
offer evidence of a direct correlation. The strong linear correlation between surface nitrogen 
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and attachment (Figure 6-8a) for short (Le. 2 hours contact) has never previously been 
demonstrated. Some correlation, though less pronounced, is still visible for the longer contact 
time of 6 hours (Figure 6-8b). Under the conditions employed here for this latter assay it was 
likely that growth of attached bacteria was taking place. Moreover, our results show that for 
short contact times, reductions in surface adhesion depends not on the length of time that 
stainless steel surfaces are treated with milk proteins, but on the concentration of nitrogen 
achieved at the surface. Al-Makhlafi et al. (1994) showed that whilst treatment with /3-
lactoglobulin for short times (1 hour) resulted in only a relatively small change in surface 
adhesion, extending the treatment time to 8 hours reduced adhesion significantly. 
In this work coating times of 2 or 24 hours with concentrated milk solutions led to similar 
surface compositions suggesting that the process of adsorption of proteins to surfaces had 
probably reached equilibrium at times of the order of 2 hours. However, the significantly 
different results after 6 hours of microbial attachment, compared to the outcome after 2 hours, 
suggests that inhibitory effects on attachment are not solely dependant on the concentration 
of proteins at the surface. It is possible that over prolonged conditioning times some 
rearrangement to the 3-dimensional structure of the proteins - 'conformational adaptation' -
may occur (Al-Makhlafi et al., 1994; Rubio et aI., 2002). 
Inhibition of cell adhesion remained approximately comparable for coupons conditioned for 
24 hours irrespective of cell contact time, whilst conditioning coupons for only 2 hours was 
successful in inhibiting adhesion for 2 hours but did so less successfully when the contact 
time was increased to 6 hours. This difference might either be due to multi-layered protein 
adsorption occurring when the coupons were conditioned for 24 hours or to a decreased rate 
in protein desorption from the surface in the latter case. The former explanation is supported 
by the findings of Lundstrilm and Elwing, 1990 who claimed that some of the adsorbed 
proteins were converted into what they referred to as a 'non-removable state' in a process that 
takes place only when the proteins are actually bound at the surface. Significantly, milk 
proteins have been shown to undergo the same process of conversion to the non-removable 
state (Krisdhasima et al., 1993). On the other hand, Peng et al. (2004) found evidence of 
differential rates of BSA desorption from surfaces, whilst Duracher et al. (2004) found that 
the efficiency of recovery of BSA from surfaces was dependent upon the incubation time of 
the adsorbed stage with longer times resulting in lower recoveries. Our findings show that 
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increasing the time over which the surface of stainless steel is conditioned with milk process 
results in an adsorbed layer better able to prevent the adhesion of L innocua than surfaces 
treated for only short (i.e. 2 hours) periods of time. 
Meyer (2003) proposed using milk proteins as strategy for preventing microbial adhesion to 
surfaces. Milk proteins have proved successful in preventing the colonisation of the surface 
of meat and thereby extending its shelf life (N aidu, 2002) and have even been incorporated in 
edible coating layers (Khaoula et al., 2004). Therefore, such a strategy should, in theory at 
least, prove acceptable to the food industry. However, it is clear that more work is needed to 
both establish the maximum duration of protective effect that can be achieved and to 
determine practical methods for applying adhesion-preventing proteins to solid surfaces. 
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CHAPTER 7: CONCLUSIONS AND 
SUGGESTIONS FOR FURTHER 
WORK 
The project investigated three distinct areas: Listeria innocua biofiIm formation under 
turbulent regimes, preventing adhesion by precoating with milk and modelling batch growth. 
The results obtained can be summarized as follows: 
• Listeria innocua forms biofilms on stainless steel under turbulent flow conditions at 
30° C and at Reynolds numbers (Re) as high as 16,500. 
After only 1 day of re-circulation of cells of L. innocua through a specially 
constructed biofilm apparatus notable cell attachment had occurred at the lowest 
Re investigated (9,500), whilst at the highest Re (16,500), only relatively few 
cells had become attached to the surface. The number of cells bound to the 
surface was found to increase continuously with time over the entire range of Re 
investigated, and after 7 days the lumen of the tube exposed to flows of Re of 
9,500 was almost entirely covered by cells of L. innocua. At a Re of 16,500 
evidence was obtained to suggest that initial attachment of cells had occurred at 
imperfections (grooves etc) at the surface but that once established, the biofilm 
extended itself beyond such surface imperfections. 
" 
• A technique was developed to enable biofilms of L innocua formed on the lumens of 
tubes to be sampled and imaged. 
• The biofilms formed by L innocua did not produce an increase in the pressure drop 
across the test tubes that could be recorded with the arrangement of tubes and the 
sensitivity of the transducers employed. 
• Pre-coating stainless steel coupons with skimmed milk reduced the ability of cells of 
L innocua to adhere to the surface. 
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Inhibition of surface adhesion correlated well with the presence of nitrogen (as 
detennined by XPS) at the surface. Longer conditioning times resulted in more 
pronounced inhibitory effects. 
• The growth rates of L. innocua and L. monocytogenes were compared in three 
different culture media (fryptone Soya Broth, TSB; Tryptone Yeast Extract, TYE; 
Brain Heart Infusion, BHI) over the temperature range 4 - 50 °C. 
L. innocua has a higher growth rate in TS and TYE than L. monocytogenes 
throughout the temperature range 4 - 45 °C, whilst L. monocytogenes has a 
shorter lag phase in TSB at T < 10 °C 
In BHI L. innocua has and higher growth rate than L. monocytogenes at T < 42 
°C, moreover the lag phase of L. innocua is shorter at T > 8 °C 
There was an indication that the two bacteria differed in their nutritional 
requirement at the upper limit of growth with L. innocua growing better than L. 
monocytogenes 
• A new culture medium was developed and proved capable of substaining the growth 
of L. innocua in continuous culture at temperatures ranging from 6 to 45 °C over 
dilution rates of 0.015 to 0.25 h-l 
• Comparisons of the maximum specific growth rates obtained in this work for L. 
innocua and L. monocytogenes with published data revealed inconsistencies that were 
explained by the definitions used to define JImax. Two definitions are in widespread 
use - one is based on the value of the steepest tangent of the growth curve, whilst the 
second is the growth rate at infinitely dilute cell concentration. Arguments were put 
forward to show that the particular definition used should always be stated. 
The biofilm apparatus described here was designed to employ pressure drop as the parameter 
with which to monitor biofilm fonnation. However, although the equipment was proved 
capable of detecting increases in pressure drop, it was unsuccessful in detecting the presence 
of Iisterial biofilms even though visual evidence (from SEMs) showed that they were present. 
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Many of the techniques commonly used in biofilm studies are not applicable to monitoring 
biofilm growth inside stainless steel tubes. This is due to the surface curvature and to the fact . 
that the material is not translucent. Pressure drop measurement offers the potential of 
studying biofilm build-up continuously and this could be important in the analysis of sporadic 
events such as sloughing, furthermore it is not invasive. In previously published work on 
biofilm formation by Pseudomonas (Lewandowsky and Stoodley 1995) it was claimed that 
biofilm formation resulted in a doubling in pressure drop. This was clearly not the case with 
L. innocua biofilms, and moreover, the equipment used here was not sufficiently sensitive for 
detecting the presence of such biofilms. 
Techniques for improving the prospects of detecting the pressure drop caused by L. innocua 
include the use of longer tubes, the use of more sensitive transducers. However, there are 
physical limitations to such approaches, for example, the pressure drop is proportional to the 
length of the tube, therefore to obtain a doubling in the pressure drop one could simply 
double the tube length, however this might easily result in a pressure drop above the 
transducer limit. Another complication might arise from the use of more sensitive transducers 
because such transducers have a lower working range. Flow damping devices, such as 
elastomeric membranes or a device known commercially as 'waveguard' (Pulseguard Inc., 
USA) could be used to attenuate the flow fluctuations and this approach would assist in 
revealing smaller increases in the pressure drop. 
The technique developed here for sampling and imaging the lumens of tubes, despite not 
allowing continuous monitoring, could nonetheless be used in the investigation of the 
important parameters affecting biofilm development. Pujo and Bott (1991) showed that 
different combinations of fluid velocity and tube diameters, resulting in the same Re, 
produced widely different effects on Pseudomonas biofilms. The biofilm apparatus 
developed in the course of this work could readily be modified to enable similar studies to be 
performed with listeriae. 
Temperature is another major parameter affecting biofilm growth and structure (Norwood 
and Gilmour, 2001). However, attempts to achieve significantly lower temperatures using the 
current arrangement proved unsuccessful - the lowest temperature reached was 25°C. This 
was due to the large thermal input of the centrifugal pump and the limited chiller capacity 
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available for removing this heat. The provision of higher duty chiller units and the redesign of 
the arrangements for heat exchange should result in operation at lower temperatures. 
The results obtained here suggested a possible effect of the surface roughness and support 
previous findings (Flint et al., 2000; Hilbert et al., 2003). At high Re in particular it appeared 
that cells seemed to become lodged at surface imperfections and that biofilms able to 
withstand the relatively high surface shears developed following the initial attachment event. 
The lumens of the tubes could be treated to reduce the surface roughness using a F1ex-hone® 
tool available from Pacehigh Ltd, U.K. 
In addition, tubes of different grades of steel, or using food-approved polymers could be used 
in the biofilm apparatus to confirm the results of previous studies conducted under static 
conditions (Beresford et al., 2001). 
Moreover, the technique developed here to cut tube and thus enable the lumens to be imaged 
could be used to investigate biofilm structure not only in linear lengths of pipe but also 
around bends, restrictions, enlargements, etc. 
Considerations of containment dictated that of the Iisterial species of interest only L. innocua 
could be used in the biofilm apparatus because it is a Category 1 organism whereas L 
monocytogenes has been assigned to Category 2. Multispecies biofilm are increasingly the 
subject of recent research. This work has revealed that the behaviour of one species may be 
strongly affected by the contemporaneous presence of another species of microorganism. 
Carpentier and Chassaing (2004) have reported that certain bacterial species (e.g. 
Pseudomonas fluorescens) can reduce Iisterial adhesion whilst others (e.g. Staphylococcus 
capitis) can enhance biofilm formation. Zhao et al. (2004) suggested that practical use could 
be made of the phenomenon of exclusion as a way of preventing the formation of Iisterial 
biofilms. Other researchers have shown that L. innocua can prevent L. monocytogenes growth 
in planktonic growth (Yokohama et al., 1998; Yokohama et al., 2005) and it would be 
interesting to establish whether this effect persisted in biofilms. 
The dynamic study of multi species biofilm could be conducted by feeding the mixing vessel 
of the apparatus with more than one chemostat, each used to grow a different microorganism. 
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This could be coupled to techniques such as quantitative peR (polymerase chain reaction) 
could be used to investigate the proportion of the different species in the biofilm (Guilbaud et 
al., 2005). 
The conditions under which virtually all biofilm studies are conducted, are remote from those 
which are likely to occur under real conditions - this is for practical reasons and the work 
reported here was no exception in this regard. Rather than continuously expose surfaces to 
concentrated cell suspensions, periodic injection of cells to mimic sporadic contaminations 
could be investigated. 
All the important parameters in cleaning and disinfection procedures such as time of 
exposure, flow rate, agent concentration, temperature etc. could be investigated using the 
current apparatus. Listerial biofilm removal has been widely investigated using sanitizing 
compounds under static conditions (Lee and Frank, 1991; Arizcun et al., 1998) whereas Bott 
and Taylor (1997) showed that the fluid velocity of the applied biocide plays an important 
role in determing biofilm removal. Such studies are urgently required using Iisteriae. The 
industrial rule of thumb is that a velocity of 1 m/s is sufficient to prevent biofilm 
development (Pujo and Bott, 1991). This work has shown that this is clearly not the case. 
Finally, the majority of studies on biofilm formation have been conducted using artificial 
liquid media. More realistic studies could be undertaken with foods such as milk, ice-cream, 
tomato sauce and mayonnaise continuously circulating through the tube and periodically 
exposed to injections of bacteria. 
155 
Usteria innocua - Growth and 
Biofilm formation by Stefano Pemi 
Appendix 1: Experimental data and 
models fitting 
APX1.1 GROWTH CURVE OF LISTERIA SPP • 
•. 0..-------________________ ----, 
BID 
... 
~ '.0 
• 
0.' 
0.' 
0.' ~ .... 
. ...,.,,::::-
o.~. 
• • 
• • • • • 
0.0 
o • • " " 
.. 
•. 0..----___________________ ----, 
TSB 
I '0 
0.' 
0.' 
0.' 
-~,--.>-~~ • 
,. ~ ~~~::====~.-:.-:.------------~--~ .0>= 
• • 
" " " 
.. 
""(10' 
Appendix 
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Appendix 2: Re-parameterisation of 
growth models 
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APX2.2 Logistic curve 
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APX2.3 Richards model 
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Appendix 3: PAL CAM Agar 
Composition of I litre: 
Columbia blood agar base 39 g 
Yeast extract 3g 
Glucose 0.5 g 
Ferric ammonium citrate 0.5 g 
LiCI 15 g 
Mannitol 10 g 
Aesculin 0.8 g 
Phenol red 0.08 g 
This medium was sterilised at 115 °C for 15 minutes and cooled down at 50 °C. For 500 ml of 
medium a solution of antibiotics was added using a syringe and a filter of 0.2 nm; this 
solution contained: Polymixin B sulphate 5 mg, Ceftazidime 10 mg and Acriflavine 
hydrochloride 2.5 mg. The medium so obtained was poured in Petri dishes. 
Listerial colonies on P ALCAM Agar are gray-green and with a black halo against a red-
cherry background. 
Figure A 3-1 Listeria colonies on PALCAM Agar plate 
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Appendix 
Appendix 5: Software for. pressure drop 
data acquisition (BASIC) 
DECLARE SUB dlbChangePistonSpeed (PiSIOnRPM%) 
DECLARE SUB MenuExitRunOrLog (ChosenPoint%. ChoseuName$) 
DECLARE SUB CaJibWhichODC (ChosenPoint%. ChosenName$) 
DECLARE SUB Menu (ChosenPoint%. ChosenNameS. MenuNames$O. TempArraySO. BarStart%, OffselDownScreen%. OffsetAcrossScreen%, 
FinishAtMenu%, StartAtMenuPos%, Speed%, ShadeinS. Blitz$, HeaderName$, HeaderColour$. BorderColourS. TeeBarColourS, _ 
WindowType$) 
DECLARE SUB DIbPreExpData (ChosenPoint%, ChosenName$) 
DECLARE SUB smbMessagel (CbosenPoint%. ChoseuName$) 
DECLARE SUB smbCaIibMessagel (ChosenPoint%, ChosenName$) 
DECLARE SUB McnuOutFileName (ChosenPoint%. ChosenName$) 
DECLARE SUB MenuMain (ChosenPoint%. CbosenName$) 
DECLARE SUB MakeScreen 0 
DECLARE FUNCTION GetDim% (xl tAl, yl %, x2%, y2%. Mode%) 
DECLARE SUB DisplayScreen (ManuNames$O) 
DECLARE SUB ScanKcyboard (KeyCode%) 
DECLARE SUB Calibrate 0 '(ManuNamesSO) 
DECLARE SUB CIearKeyboord 0 
DECLARE SUB CatChan (AnatogValues!O, Channet%) 
DECLARE SUB LSFit (NumberOtDataPoints%, AnalogValues!O, Slope!, Yinl!) 
DECLARE SUB PlotCalibGrapb (AnatogVatues!O, Slope!, Yint!, Channel%-) 
DECLARB SUB Analoglo (SumOfConversions%, Channet%) 
DECLARE SUB GetString (TempStringS, Down%, Across%. Escape%) 
DECLARE SUB TeslAnalog (Readings%, Chan%) 
DECLARE SUB CIearNames (MenuNamesSO) 
DECLARE SUB ViewCalFiJes 0 
DECLARE SUB ChangeTime (countSec#. days#, hrs', mim#, secs#) 
DIMDataArray!(lS) 
DIM SIopeYint!(16. 2) 
00 
CALL MenuMain(ChosenPoint%, ChosenName$) 
IFChosenPoint% = 0 TIIEN 
CLS 
END IF 
SELECT CASE ChosenName$ 
CASE "END" 
CLS 
END 
CASE "View Defaults" 
CALL DlbPreExpDala(ChosenPoint%, CbosenName$) 
CASE "System Calibration" 
CALL Calibrate 
CLS 
CASE "View Calibration File" 
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CALL ViewCalFiles 
CASE "Exit to Data" 
CHOIR ·C:\biodata· 
ClS 
END 
CASE "RUN Experiment" 
ClS 
•••• Get output file name -
00 
CALL MenuOutfiteName(CbosenPoint%, ChosenName$) 
IF ChosenName$ = "" THEN 
CAll. smbMessagel(CbosenPoint%. ChosenName$) 
ChosenName$:::I: .... 
END IF 
IF LEN(CbosenName$) > 81lIEN 
ChosenName$ = LEFI$(ChosenName$, 8) 
END IF 
nodot%:zO 
FOR count% = 1 TO LEN(ChosenName$) 
dummy$ = MIDS(ChosenName$, count%, 1) 
IF dununy$ =- "." THEN 
dotat% = counl% 
nodal = 1 
END IF 
NEXTcount% 
IF nodot = 11lIEN 
dununy$ = lEFI'S(ChosenName$. dotat% - 1) 
ChosenName$ = dummy$ 
END IF 
LOOP WHU...E ChosenName$:II u 
OutFiIeName$::z ChosenName$ + ".DAT'" 
'- LogTIme-. 
OPEN "c:\bioTube\Defaults.inf' FOR INPUT AS #1 
INPUT #1, LogInterval% 
CWSEl 
'- Setup Output File -
OPEN "C:\biodata'" + OutFileNameS FOR OUlPUT AS #12 
PRINT #2, "File:" + OutFileNameS 
PRINT #2, "Start:" + DATES 
TIMES = "00,00,00" 
PRINT #2. TIMES 
PRINT #2, "Log Int:" + STR$(LogInterval%) 
CLOSE 2 
COLORO.8 
ClS 
'FOR Cbannel% = 0 TO 7 
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OPEN "C:\Biotube'" + "CW + LlRIMS(RTRIM$(S1R$(Channel'%») + ".slo" FOR INPUT AS #1 
mpuT #1, Slope!(Channel%. 1) 
INPUT #1, Yint!(Channel%. 2) 
CWSE#l 
'NEXT Channel% 
Slope! = 1 
Yint!=O 
REDIMMenuNames$(19) 
MenuNames$(l) =" Next Sample Interval .. 
MenuNames$(2) =" No ofSampJes Taken .. 
MenuNames$(3) =" Sample Interval Min-I .. 
MenuNames$(4) = .. 
MenuNames$(5) = .. Change Interval up/d .. 
MenuNames$(6) = to SHIFT + PS Dump to A: .. 
MenuNames$(7) = .. Run Time 
MenuNames$(8) = .. Days 
MenuNames$(9) = .. Hours 
MenuNames$(IO) = 6 Mins 
MenuNames$(lI) =" 
MenuNames$(12) =" Flow @ tube I" 
MenuNamcs$(13) =" Flow @ tube 2" 
MenuNames$(14) =" Flow @tube 3" 
MenuNames$(l5) =" Flow @ tube 4" 
MenuNames$(16) =" Tube Delra-p 1 .. 
MenuNames$(l7) = .. Tube _ 2" 
MenuNames$(l8) =" Tube _ 3" 
MenuNamesS(19) = .. Tube _ 4" 
LenOfName% = LEN(MenuNames$(l» 
'- Start Time-
'- Set Time at the beginning 
ChosenPoint% = 0 
TIME$ = "00,0000" 
countSec# = 1NT(11MER) 
TinwMask# = INT(I1MER) 
TimeToNext# El (LogInterval% '" 60) - INT(TIMER) 
LogMePlease% = 0 
NextSampleTime# = LogInterval% '" 60 + countSec# 
'- S tart of log time --
~"''''.'''''''''''''''''''''''''''''''''''''''**'''****'''**'''''' •• ''''''''''''*.** •• ***. 
DO 
DO 
IF TimerMaskft <> INT(TIMER) THEN 
countSecft = countSec# + 1 
TImerMaskft = INT(TIMER) 
CAlL ChangeTime(countSecft, days#. hrs#. mins#. secsft) 
TimeToNext# = TImeToNext# - 1 
'LOCATE 2, 3: PRINT TimeToNext# 
'LOCATE 3, 3: PRINT cOllntSec# 
IF countSecH = NextSarnpIeTime# TIIEN 
NextSarnpIeTime# I!I countSec# + (LogInterval% '" 60) 
LogMePJease% = 1 
TImeToNext# El Loglnterval% • 60 
NoSalI1>IesTaken# = NoSamplesTaken# + 1 
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END IF 
EX1TDO 
END IF 
KeyCode% =0 
CALL ScanKeyboard(KeyCode%) 
SELECT CASE KeyCode% 
CASB27 
CAlL MenuExitRunOrLog(ChosenPoint%, ChosenName$) 
IF ChosenPoint% = 2 THEN 
CLS 
EXIT DO 
END IF 
CASE 18432, 18688 
Loglnterval% = LogInterval% + 1 
CASE 20480. 20736 
Loglntcrval% ill Loglnterval% • 1 
IF LogIDterval% < 10 THEN LogInterva1% • 10 
CASE 22528 'copy data file to a:= FS 
OPEN "C:~iodata\" + OutFileNarIE$ FOR INPUT AS #2 
OPEN itA:'" + OutFileNllJM$ FOR OUTPUT AS "3 
DO W/DLE NOT EOF(2) 
INPUT #2, dununy$ 
PRINT #3, dummyS 
LOOP 
CLOSE 2 
CLOSE 3 
END SELECT 
• LOCATE 10.2: PRINT KeyCode% 
LOOP 
'-Make names ~ length-
FORi%-= I TO 15 
MenuNames$(i%) = LEFI'$(MenuNames$(i%). Lc:nOfName%) 
NEXTi% 
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DATA 
Time L innocua 
(hours) 00600 st dev In 00600 CPU/m! 
0.0 0.104 0.002 17.4 
1.0 0.114 0.007 17.5 
2.0 0.143 0.003 18.0 
3.0 0.244 0.020 18.8 
4.0 0.457 0.047 19.7 
4.5 0.672 0.112 20.1 
5.0 0.940 0.127 20.9 
5.5 1.193 0.l14 21.1 
6.0 1.482 0.112 21.1 
6.5 1.5'84 0.041 21.2 
7.0 1.655 0.042 21.4 
8.0 1.740 0.042 21.9 
9.0 1.738 0.035 22.1 
11.0 1.763 0.059 
12.0 1.787 0.023 21.9 
st dev 
VC 
5.00 
5.69 
20.79 
9.90 
49.50 
32.15 
35.36 
339.41 
136.50 
304.06 
58.59 
353.55 
321.46 
115.47 
Data 
L monocytogenes 
00600 
st dev In st dev 
00600 CPU/m! VC 
0.110 0.017 17.4 4.50 
0.106 0.008 17.4 2.08 
0.123 0.009 18.0 2l.39 
0.205 0.011 18.7 38.84 
0.346 0.020 19.4 43.59 
0.470 0.039 19.7 21.21 
0.635 0.037 20.0 50.33 
0.872 0.066 20.2 42.43 
1.119 0.054 20.7 75.06 
l.323 0.021 21.2 21.21 
1.579 0.141 21.1 60.00 
1.636 0.046 22.0 353.55 
1.705 0.034 21.7 230.94 
1.745 0.033 
1.753 0.042 21.8 251.66 
Growth curve L monocytogenes and L innocua in BHl at 30°C (viable count and 
optical density measurements) 
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Gompertz 
OD600 VC 
Yo -2.273 17.37 
A 2.935 4.788 
A (hours) 2.2 1.54 
Pmax (h·t ) 0.682 0.809 
Logistic Baranyi-Roberts 
OD600 VC OD600 
-2.4 17.02 Yo -2.36 
3.002 4.998 Ymax 0.59 
2.07 1.138 ho 3.014 
0.668 0.793 Pmax (h·t) 1.031 
Regression coefficients for growth L monocytogenes in BHl at 30°C 
Gompertz Logistic Baranyi-Roberts 
OD600 VC OD600 VC OD600 
Yo -2.209 17.41 -2.32 17.07 Yo -2.273 
A 2.835 4.668 2.901 4.907 Ymax 0.575 
A (hours) 2.12 1.59 2.03 1.21 ho 3.215 
Pmax (h· t ) 0.778 0.999 0.754 0.956 Pmax (h· t ) 1.1876 
Regression coefficients for growth L innocua in BHl at 30°C 
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Data 
VC 
17.32 
21.96 
1.692 
0.907 
VC 
17.32 
21.93 
1.931 
1.09 
I 
I 
I 
I 
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Batch growth 4°C: 
time (hour) 
Bm 
1 0.110 
47 0.128 
55 0.142 
71 
79 0.186 
96 0.347 
103 
120 0.631 
144 1.127 
168 1.587 
175 
191 1.526 
199 
216 1.574 
240 1.427 
264 1.606 
336 
( 
L. innocua 
TSB TYE 
0.060 0.040 
0.068 0.048 
0.070 0.064 
0.063 
0.134 
0.088 0.192 
0.068 
0.454 
0.580 
0.252 0.636 
0.315 
0.491 0.567 
0.597 
0.87 0.544 
1.239 0.545 
1.467 0.560 
1.478 
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Data 
L. monocytogenes 
Bm TS TYE 
0.110 0.060 0.040 
0.127 0.062 0.022 
0.147 0.079 0.033 
0.076 
0.255 0.071 
0.428 0.106 0.083 
0.112 
0.795 0.167 
1.292 0.268 
1.653 0.352 0.329 
0.413 
1.583 0.520 0.339 
0.582 
1.505 0.713 0.334 
1.559 0.829 0.340 
1.668 0.807 0.331 
0.792 
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Batch growth lOoe: 
time (hour) 
Bm 
0 0.110 
24 0.272 
36 0.656 
39 0.816 
42 0.960 
46 1.238 
48 1.286 
50 1.402 
52 1.337 
54 1.465 
60 1.45 
70 1.526 
L. innocua 
TSB TYE 
0.055 0.020 
0.082 0.094 
0.199 0.345 
0.264 0.466 
0.376 0.564 
0.585 0.626 
0.722 0.680 
0.833 0.704 
0.945· 0.703 
1.044 0.707 
1.247 0.685 
1.298 0.684 
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Data 
L. monocytogenes 
Bm TS TYE 
0.120 0.055 0.040 
0.249 0.096 0.046 
0.656 0.257 0.102 
0.888 0.363 0.154 
1.051 0.481 0.199 
1.261 0.641 0.256 
1.327 0.763 0.305 
1.411 0.865 0.354 
1.431 0.913 0.389 
1.495 1.028 0.373 
1.528 1.247 0.353 
1.608 1.175 0.336 
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Batch growth 15°C: 
time (hour) 
BID 
6.5 0.145 
14 0.387 
15 0.482 
16 0.576 
17 0.681 
18 0.813 
19 0.951 
20 1.151 
21 1.257 
22 1.375 
23 1.438 
24 1.555 
26 1.642 
31 1.721 
40 1.765 
L. innocua 
TSB TYE 
0.090 0.042 
0.272 0.144 
0.351 0.186 
0.423 0.231 
0.515 0.271 
0.649 0.367 
0.742 0.427 
0.841 0.526 
0.945 0.620 
1.109 0.606 
1.278 0.657 
1.407 0.711 
1.54 0.719 
1.678 0.725 
1.644 0.719 
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Data 
L. monocytogenes 
BID TSB TYE 
0.141 0.071 0.016 
0.368 0.159 0.079 
0.430 0.193 0.081 
0.504 0.240 0.114 
0.608 0.313 0.142 
0.753 0.343 0.155 
0.854 0.404 0.180· 
0.997 0.467 0.219 
1.177 0.537 0.250 
1.320 0.635 0.267 
1.427 0.713 0.325 
1.535 0.817 0.369 
1.644 0.939 0.393 
1.635 1.147 0.397 
1.817 1.151 0.378 
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Batch growth 20°C: 
time (hour) 
Bm 
1 0.117 
4 0.167 
5 0.197 
6 0.275 
7 0.357 
8 0.485 
9 0.638 
10 0.882 
11 1.151 
12 1.247 
14 1.579 
16 1.682 
20.5 1.704 
24 1.561 
28 1.82 
L. innocua 
TSB 
0.063 
0.104 
0.146 
0.198 
0.274 
0.359 
0.524 
0.697 
0.854 
1.096 
1.484 
1.516 
1.551 
1.595 
1.542 
190 
Data 
L. monocytogenes 
TYE Bm TSB TYE 
0.104 0.071 0.016 
0.133 0.086 0.036 
0.185 0.091 0.051 
0.225 0.120 0.045 
0.285 0.146 0.064 
0.365 0.182 0.072 
0.498 0.235 0.101 
0.643 0.316 0.118 
0.874 0.410 0.141 
1.161 0.560 0.208 
1.484 0.817 0.329 
1.663 0.949 0.437 
1.750 1.216 0.417 
1.668 1.212 0.437 
1.845 1.222 0.427 
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Batch growth 25°C: 
time (hour) 
Bill 
1 0.116 
2 0.121 
3 0.159 
4 0.232 
5 0.341 
6 0.532 
7 0.851 
8 1.273 
9 1.521 
10 1.663 
13 1.76 
24 1.774 
L innocua 
TSB TYE 
0.062 0.016 
0.055 0.008 
0.112 0.048 
0.166 0.066 
0.274 0.114 
0.445 0.188 
0.725 0.329 
0.967 0.564 
1.232 0.646 
1.464 0.731 
1.612 0.740 
1.595 0.724 
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Data 
L monocytogenes 
Bill TSB TYE 
0.116 0.067 0.006 
0.114 0.075 0.008 
0.161 0.114 0.029 
0.224 0.147 0.024 
0.307 0.222 0.038 
0.465 0.355 0.073 
0.692 0.535 0.109 
1.035 0.793 0.159 
1.369 0.916 0.231 
1.535 1.119 0.312 
1.713 1.374 0.519 
1.845 1.381 0.574 
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Batch growth 30°C: 
time (hour) 
Bm 
1 0.119 
2 0.145 
3 0.258 
4 0.490 
5 1.030 
6 1.561 
7 1.684 
8 1.770 
9 1.762 
10 1.803 
12 
13 1.810 
24 1.783 
L. innocua 
TSB TYE 
0.056 0.038 
0.088 0.034 
0.185 0.041 
0.397 0.060 
0.800 0.144 
1.194 0.339 
1.496 0.610 
1.529 0.745 
1.581 0.805 
1.565 0.835 
0.884 
1.632 
1.593 0.998 
192 
Data 
L. monocytogenes 
Bm TSB TYE 
0.111 0.074 0.012 
0.116 0.083 0.028 
0.212 0.163 0.033 
0.360 0.299 0.058 
0.661 0.579 0.116 
1.157 0.897 0.190 
1.678 1.126 0.309 
1.603 1.290 0.420 
1.681 1.458 0.480 
1.729 1.474 0.465 
0.465 
1.760 1.498 
1.729 1.473 0.480 
--------------........... 
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Batch growth 35°C 
time (hour) 
BID 
1 0.127 
2 0.192 
3 0.424 
4 0.852 
5 1.446 
6 1.653 
7 1.715 
8 1.765 
9 1.738 
11 1.790 
14 1.738 
24 1.710 
L. innocua 
TSB TYE 
0.066 0.037 
0.138 0.053 
0.365 0.147 
0.741 0.312 
1.210 0.692 
1.531 0.804 
1.595 0.793 
1.555 0.803 
1.610 0.800 
1.642 0.790 
1.635 0.773 
1.616 0.720 
193 
Data 
L. monocytogenes 
BID TSB TYE 
0.130 0.074 0.028 
0.166 0.091 0.027 
0.328 0.189 0.048 
0.586 0.345 0.095 
1.098 0.713 0.157 
1.557 1.020 0.211 
1.678 1.324 0.261 
1.713 1.498 0.347 
1.730 1.551 0.337 
1.724 1.526 0.309 
1.708 1.610 
1.665 1.535 0.304 
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Batch growth 37°C: 
time (hour) 
Bill 
1 0.130 
2 0.192 
3 0.386 
4 0.847 
5 1.352 
6 1.614 
7 1.583 
8 1.678 
9 1.535 
10 1.649 
11 1.579 
14 1.490 
16 1.577 
24 1.467 
L innocua 
TSB TYE 
0.078 0.020 
0.164 0.070 
0.381 0.105 
0.867 0.265 
1.339 0.633 
1.343 0.839 
1.299 0.945 
1.351 0.986 
1.308 0.949 
1.478 0.927 
1.446 0.896 
1.460 
1.409 
1.361 0.833 
194 
Data 
L monocytogenes 
Bill TSB TYE 
0.103 0.068 0.036 
0.171 0.102 0.021 
0.316 0.162 0.044 
0.705 0.378 0.073 
1.209 0.642 0.134 
1.482 0.948 0.204 
1.637 1.073 0.27 
1.524 1.147 0.313 
1.608 1.132 0.319 
1.670 1.107 
1.630 1.095 
1.638 1.089 0.304 
1.635 1.016 
1.407 0.980 0.288 
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Batch growth 40°C: 
time (hour) 
BID 
1 0.127 
2 0.197 
3 0.479 
4 0.938 
5 1.479 
6 1.612 
7 1.644 
8 1.678 
9 1.652 
10 1.608 
13 1.639 
24 1.343 
L. innocua 
TSB TYE 
0.072 0.014 
0.131 0.039 
0.386 0.130 
0.773 0.270 
1.198 0.505 
1.330 0.560 
1.381 0.592 
1.367 0.558 
1.351 0.544 
1.391 0.519 
1.434 0.491 
1.220 0.370 
195 
Data 
L. monocytogenes 
BID TSB TYE 
0.112 0.067 0.010 
0.120 0.167 0.006 
·0.365 0.285 0.055 
0.663 0.541 0.063 
1.157 0.871 0.099 
1.435 1.078 0.107 
1.540 1.158 0.103 
1.535 1.119 0.091 
1.500 1.111 0.102 
1.476 1.010 0.097 
1.512 1.025 0.180 
1.370 0.891 0.054 
listeria innocua - Growth and 
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Batch growth 42 °c: 
time (hour) 
BHI 
0 0.106 
1 0.131 
2 0.236 
3 0.464 
4 0.814 
5 1.299 
6 1.421 
7 1.585 
8 1.623 
9 1.573 
12 1.417 
24 1.108 
L innocua 
TSB TYE 
0.052 0.014 
0.086 0.029 
0.188 0.063 
0.376 0.131 
0.636 0.202 
0.966 0.395 
1.281 0.534 
1.418 0.536 
1.402 0.541 
1.401 0.546 
1.319 0.481 
1.150 0.175 
196 
Data 
L monocytogenes 
BHI TSB TYE 
0.076 0.058 0.010 
0.118 0.092 0.021 
0.191 0.119 0.064 
0.354 0.211 0.054 
0.599 0.342 0.069 
0.960 0.544 0.079 
1.301 0.693 0.096 
1.399 0.853 0.075 
1.386 0.87 0.051 
1.350 0.809 0.042 
1.344 0.702 0.027 
1.034 0.506 0.031 
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Batch growth 45°C: 
time (hour) 
BID 
0 0.096 
1 0.132 
2 0.205 
3 0.319 
4 0.442 
5 0.553 
6 0.528 
7 0.504 
8 0.551 
9 0.543 
11 0.494 
14 0.505 
24 0.445 
L innocua 
TSB TYE 
0.055 0.012 
0.087 0.044 
0.222 0.030 
0.305 0.058 
0.420 0.095 
0.510 0.124 
0.518 0.162 
0.528 0.167 
0.487 0.236 
0.474 0.282 
0.581 0.390 
0.590 0.480 
0.580 0.364 
197 
Data 
L monocytogenes 
BID TSB TYE 
0.055 
0.126 0.066 0.010 
0.206 0.088 0.013 
0.348 0.151 0.022 
Q.400 0.164 0.028 
i 
0.278 0.127 0.019 
0.207 0.114 0.047 
0.188 0.092 0.035 
0.173 0.075 0.015 
0.147 0.076 0.013 
0.147 0.063 0.030 
0.136 0.065 0.015 
0.115 0.047 0.002 
Listeria innocua - Growth and 
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Batch growth 47°C: 
time (hour) 
BID 
0 0.102 
1 0.145 
2 0.208 
3 0.272 
4 0.312 
5 0.359 
6 0.374 
7 0.354 
8 0.333 
9 0.333 
L. innocua 
TSb TYE 
0.056 0.014 
0.069 0.033 
0.131 0.037 
0.208 0.065 
0.245 0.063 
0.280 0.083 
0.295 0.067 
0.291 0.064 
0.266 0.09 
0.258 0.074 
198 
Data 
L. monocytogenes 
BID TSB rYE 
0.108 0.060 
0.116 0.072 
0.180 0.089 
0.263 0.120 
0.257 0.134 
0.204 0.135 
0.174 0.143 
0.160 0.122 
0.163 0.103 
0.152 0.107 
Listeria innocua - Growth and 
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Continuous culture at 30°C: 
Dilution rate 
(1/h) 
0.05 
0.10 
0.15 
0.20 
0.25 
Continuous culture at 15°C: 
Dilution rate 
(l/h) 
0.05 
0.10 
0.15 
0.18 
Continuous culture at 6°C: 
Dilution rate 
(1/h) 
0.01 
0.025 
0.05 
OD6oo 
0.60 
0.58 
0.57 
0.56 
0.33 
OD6oo 
0.81 
0.55 
0.30 
0.19 
OD6oo 
0.60 
0.48 
0.32 
Data 
Glucose residue Viable cells 
(mgll) (CFU/ml) 
21 2.40109 
41 1.90109 
48 
60 
190 
Glucose residue Viable cells 
(mg/l) (CFU/mI) 
15 7.00 109 
51 1.60109 
180 6.00108 
350 
Glucose residue Viable cells 
(mg/l) (CFU/mI) 
31 
55 1.50109 
187 6.80108 
199 
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Milk coating 
Data 
Percentage of Listeria innocua attached to coupons after coating with milk solutions for 2 
hours at 30°C compared with untreated surface. 
Cells contact Milk concentration in the coating solution (milk %) 
time (hours) 100 10 1 0.1 0.01 
2 21±4 24±5 44±5 57±9 61±1O 
4 33±3 46±5 59±7 99±7 ID2±8 
6 40±6 56±7 64±6 98±10 103±7 
Percentage of Listeria innocua attached to coupons after coating with milk solutions for 24 
hours at 30°C compared with untreated surface. 
Cells contact Milk concentration in the coating solution (milk %) 
time (hours) 100 10 1 0.1 0.01 
2 22±8 25±7 26±1O 34±12 40±12 
6 18±5 25±15 31±1O 31±5 61±8 
Percentage of Listeria innocua attached to coupons after coating with milk solutions for 2 
hours at different temperatures compared with untreated surface. 
Temperature Milk concentration in the coating solution (milk %) 
(OC) 100 10 1 0.1 0.01 
4 22±6 34±1D 58±14 92±7 102±7 
20 28±6 44±17 67±18 69±19 98±1O 
30 21±4 24±5 44±5 57±9 61±1O 
50 21±8 31±14 43±17 64±7 73±19 
200 
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100 % milk 
1 % milk 
0.01 % milk 
10 % milk 
0.1 % milk 
XPS Spectra for 2 hours coating (x-axis energy bond eV; y-axis signal) 
201 
Data 
Listeria innocua - Growth and 
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•• L. __________________________ --'-_~,_ 
100 % milk 
•• L. __________________________ --,-_~". 
1 % milk 
•. L.~ ________________________ --_~,_ 
0.01 % milk 
10 % milk 
'. 
0.1 % milk 
XPS Spectra for 24 hours coating (x-axis energy bond e V; y-axis signal) 
202 
Data 
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